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Abstract

This habilitation thesis comprises an annotated collection of articles published in the years
2014-2023, while exploring possibilities of efficient intensification of ozone generators, oper-
ating on the principles of dielectric barrier discharges through multi-criteria optimizations
focused on the impact of the environment within which they originate. Top-priority accent
was laid on optimizing the direction of the flow of feeding gas (air) in an ozone generator
in relation to the microdischarges being generated, to the environmental impacts in which
they occur, and the introduction of photocatalytic materials to their vicinity.

Keywords: Surface dielectric barrier discharge (SDBD), Ozone (Os), Ozone generator,
Non-thermal plasma, Airflow, Numerical simulations, Photocatalysts






Abstrakt

Habilitacni prace je komentovanym souborem c¢lanku publikovanych v letech 2014-2023
zabyvajicich se moznostmi efektivniho zvyseni ic¢innosti generatoru ozénu pracujicich na
principech dielektrickych bariérovych vyboju prostiednictvim vicekriteridlnich optimalizaci
zameérenych na vliv prostredi, ve kterém jsou formovany. Prevazny duraz je kladeny na
smérovou optimalizaci proudéni pracovniho plynu generatoru ozonu vuci vznikajicim mi-
krovybojum, vliviim prostiedi, ve kterém jsou generovany, a implementaci fotokatalytickych
latek do jejich blizkosti.

Klicova slova: Povrchovy dielektricky barierovy vyboj (SDBD), Ozén (Os), Generétor
ozénu, Netermalni plazma, Proudéni vzduchu, Numerické simulace, Fotokatalyzatory
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CHAPTER

Introduction

1.1 Motivation

The usage of dielectric barrier discharge (DBD) [1] has been on the rise in many appli-
cations, such as active particles, ozone, and ultraviolet (UV) generation [2| (available in
Appendix[A.T)), pollution control [3], surface treatment [4], [5], plasma-chemical vapour de-
position [6], in medical, biological and chemical applications (sterilization, deodorization,
bacterial deactivation, and prolongation of food storage) [7], and air-flow control [§], |9].

The chemically reactive species, together with UV radiation generated by electrical
discharges, are responsible for high nonthermal plasma reactivity, which can be utilized for
a variety of above-mentioned applications [10], [11].

From all of the properties of DBD, we have selected generation of ozone as it offers
the strongest oxidizing effects and can be quantified well. UV radiation can be further
employed for the inactivation of bacteria and viruses, sterilization, disinfection and surface
treatment [12]. UV radiation can also serve for photocatalytic activation [13].

Ozone is produced by DBD or corona discharges (CD) from oxygen or air. Our study
prioritizes efficient ozone production and UV radiation of DBD in air. Another method of
ozone production is the photochemical method, which makes use of UV radiation. Chem-
ical, thermal or electrochemical methods can be also applied. The individual methods differ
in the type of energy needed to dissociate the oxygen bonds during ozone production. In
spite of the fact that ozone production from air is accompanied by occurrence of nitrogen
oxides, many types of commercial ozonizers use air as a feeding gas, as is the case in this
study.

Ozone generation in a DBD in air at atmospheric pressure constitutes a complex process
involving a number of ozone generation as well as ozone decomposition reactions [14]-[17].
In a DBD, current flow is brought about by a large number of statistically distributed
microdischarges [18|. Since ozone, mainly formed in the microdischarge channels, diffuses
immediately after its generation into the discharge volume [14], [19], its production is
affected by the number and distribution of microdischarge channels as well as their proper-
ties. These properties can be influenced by the electrical parameters of the discharge, gap



spacing, or properties of the dielectric layer and the metal active electrode used (see ex-
amples in Fig. [1.1]). Consequently, discharge ozone production is a result of a combination
of all these factors.

(a) Honeycomb. (b) Strips.

Figure 1.1: Electrodes with burning discharge.

1.2 Importance and objectives of studied phenomena

Ozone generation by means of dielectric discharges figures among the most efficient and
competent methods of its preparation. However, seen from an economic point of view,
it also ranks among the most expensive methods. Viewed against the current trend in
society seeking widespread sanitization in its various segments, the stage has now been set
for the vital need to produce and introduce a wide scale of devices, ranging from stationary
high-capacity generators to mobile as well as hand-held battery-operated generators.

The research results summed up in this habilitation thesis respond to the specific needs
of the commercial sectors, reflecting the current issues pertaining to the energy, materials
as well as electronic crisis; this research concentrated on multi-criteria optimization of
ozone generation, primarily through optimization of the direction of the flow of feeding gas
in relation to microdischarges resulting from DBD.

Even though ozone s indisputable advantage during dissociation is its decomposition
into atomic or rather molecular oxygen, the remaining negative aspect is its non-selective
oxidation interaction with surrounding surfaces and objects, and concurrent generation of
nitrogen oxides. These factors have to be taken into consideration in the actual design and
construction of ozone generators.

Proceeding from targeted studies of the issues concerning dielectric barrier discharges
based on the preparation of ozone, multi-criteria optimization methods leading to intensi-
fication of ozone generation have been proposed. The hitherto frequently neglected factors



— optimizing the direction of the flow of feeding gas in ozone generator s chamber, ad-
equate provision of environmental conditions on the site of their origin, and introduction
of photocatalytic materials to their vicinity — were primarily reflected in this research.
The procedures outlined here are conducive not only to enhancing the overall efficiency of
ozone generators by as much as dozens of percent, but — at the same time — to providing
a vital context for continuing basic research in the physics of nonthermal plasma. The
motivations of the results presented in this thesis are therefore both technical (practical)
and fundamental.

1.3 Structure of the habilitation thesis

This habilitation thesis is divided into three interconnected thematic units describing — on
the basis of long-term investigation of the interactions of DBD with external environment
— the possibilities of upgrading the efficiency of ozone generation by means of multi-criteria
optimization.

The first part analyzes the general electrical parameters of dielectric discharge in a sta-
tionary environment of an immobile feeding gas. Also under scrutiny is the importance of
the geometry of the electrode itself, together with the impact on amplitude and frequency
of the applied electric voltage, current peaks and phase shifts of currents originating dur-
ing microdischarges. Our own numerical 3D model simulating behaviour of a dielectric
discharge reflecting the geometry of the mutual position of electrode systems has been de-
signed, constructed and tested for the options of multi-criteria optimizations. The results
thus gained by the model facilitate their direct implementation in the process of practical
design of ozone generators.

Follow-up investigation focused on the impact of the vicinity on the microdischarges
being generated, primarily on the effect of ambient temperature and directionally oriented
low-speed airflow of feeding gas on the microdischarges occurring during a DBD. These
phenomena were studied both in planar and cylindrical configurations of the electrode
systems. The chief outcome of this section of my habilitation thesis is a body of findings
applicable in the practical designing of ozone generators, with systematic optimization of
the flow of feeding gas in relation to the orientation of microdischarges being capable of
enhancing their efficiency.

The final, third part of the thesis discusses the importance of introducing photocata-
lytic substances into the environment of electrical discharges, as seen from a theoretical,
experimental as well as practical point of view. UV radiation, which is also generated by
SDBD, may be utilized for the activation of photocatalytic materials participating in the
generation of other excited particles, and thus increasing the amount of generated ozone.
Significance of the following photocatalysts: 710y, ZnO, BaTiO3 a W03 was examined
in particular.






CHAPTER 2

Phenomenology of dielectric barrier
discharge

Dielectric barrier discharge is an electrical discharge created between a minimum of two
electrodes, at least one of which is covered by an insulant. The distance between electrodes
is typically several millimetres (defined by the thickness of the dielectric material).

By connecting these electrodes to alternating high voltage sources and under the pres-
sure of surrounding feeding gas ranging from 0.01 to 10 MPa will give rise to generation
of strong local electric fields and thus surface and spatial separation of the electric charge
which may cause the generation of electron avalanches resulting in the origin of microdis-
charges. Microdischarges with a diameter of 100 pm cover the entire area of the electrodes
and last for a period from 1 to 100 ns. During each discharge, an electric charge of the size
102-10% pC with current density up to 10° A/m? is transferred. This generates a nonther-
mal plasma showing the characteristics of electron density from approximately 104 cm™3
to values higher than 10'® cm ™3, and with mean electron energies ranging from 1 eV to
values higher than 15 eV. Plasma originating under such circumstances is also accompanied
by the generation of UV radiation.

2.1 Dielectric barrier discharge behaviour

According to the space in which dielectric discharges are generated (regarding the con-
figuration of electrodes), they can be further classified into the Surface Dielectric Barrier
Discharge (SDBD), providing the surface of the active electrode is covered by an addi-
tional dielectric layer, the Coplanar Dielectric Barrier Discharge (CDBD), and finally the
Volume Dielectric Barrier Discharge (VDBD) types. VDBD has been the most frequently
investigated type because it is easier to perform in technical terms. The applied voltage
and its frequency, just as the thickness and type of dielectric layer, and the configuration
of the electrode motive determine and directly affect the type of discharge that occurs on
the surface of the dielectric material.



In my research I have zeroed in on SDBDs, originating on the surface of an active
electrode, which was driven by the sinusoidal low-frequency voltage.

2.2 Dielectric barrier discharge features

2.2.1 Active electrode geometry
2.2.1.1 Properties of dielectrics layers

SDBD has been frequently studied within a planar experimental configuration, where one
electrode connected to an alternating high-voltage power supply system and serving as a
high-voltage (active) electrode is applied to one side of a planar dielectric plate (barrier)
by means of screen printing, steaming, and dusting or, eventually, is cut out of a thin
foil made of an electrically conductive material (copper, aluminium, stainless steel, special
steel) and is glued by conductive glue. An optional procedure could be the use of a thin
conductive mesh.

A grounded electrode, often made of the same material in an oblong or square shape
and overlapping the active electrode surface by several millimetres, is located on the lower
(opposite) side. The actual shape of the active electrode is usually selected in keeping
with the purpose to be served by the designed generator of active particles and ozone (it
can also be a source of ultraviolet radiation). The configuration frequently features thin
parallel strips, circles, and segments shaped as a honeycomb, but it can also take the shape
of a mesh (see Fig. [L]).

In case of my study, dielectric barrier discharge was gradually investigated on several
types of configurations of dielectric systems. The first two configurations were planar,
made of Alumina, produced by the company Elceram. The Alumina plate contained
96% Al,O3, mass density of 3.7 g/cm?, roughness 0.25-0.7 yum, the dielectric constant
for 1 MHz of 9.6, electric strength of 14 kV/mm and heat conductivity for a tempera-
ture of 25°C of 24 W/m-K. The dimensions of this plate were 50 x 50 x 0.635 mm, and
110 x 110 x 0.635 mm, respectively. Both types, laboratory-prepared and also commer-
cially available electrodes used in industrial ozone generators, were tested.

The last assembly was a cylindrical dielectric tube made of Simax glass with an outer
diameter of 20 mm and an inner diameter of 17.4 mm, and length of 150 mm. The relative
permittivity of Simax glass, at temperature 20°C and frequency 1 MHz, amounted to 4.6.

2.2.1.2 Electrically conductive material of active electrode geometry

In the first example, the active electrode system was produced by screen printing, using
the DuPont nickel-based paste 9538. The sheet resistivity of the layer made from this paste
amounted to 30-60 m€2/sq at 25 pm thickness.

A 0.035 mm thick copper foil, manufactured by the Elchemco company, was used in
other cases. The last sample to be used was a 0.025 mm thick aluminium foil from the
Anticor company. Both were glued on the Alumina plate or the Simax tube’s outer side.



2.2.1.3 The shape of active electrode geometry

An electrode formed by 9 or 14 interconnected strips respectively, 1 mm thick, with a
3 mm distance between one another, was employed for planar configurations. An example

of specific geometry used in the articles — published in Appendices
[A.6] [A.10] [A.1T) is shown in Fig. 2.1 and Fig. [2.2

s X 3 X
(0,0) N (0.0) 42 >
T T Y
y | # # ' o |w
%g—r K
~ 2 g 3
F.)'Irlp
RV R
© | v v
0 *F sl 16 10
yl 50 Yl 50

Figure 2.1: 2D geometry of the active strip ~ Figure 2.2: 2D geometry of the grounded
electrode. electrode.

The same dimensional geometry (strip thickness 1 mm and a 3 mm distance between
neighbouring electrodes) was maintained with cylindrical systems (see Fig. and Fig.
even though the selected shape of electrodes featured interconnected rings, eventually
longitudinal or inclined strips.

i

Figure 2.4: Geometry of the cylindrical active electrode - strips.

Electrodes made of stainless steel meshes, eventually with a deposition of the following
metals: titanium, vanadium, zirconium, molybdenum and copper, were tested for specific
purposes. The appropriate choice of dielectric material and electrode material improves
the lifetime of the DBD system.



2.2.2 Commonly used measuring setup

The laboratory equipment for the evaluation of physical-engineering parameters was set
up by employing an experimental system that allowed for autonomous management of
experiments and data collection. The power system comprised a function generator, power
amplifier with a transformer, safety features, wiring and devices for the measurement of
electric quantities in the shape of voltage and current probes, and a power analyzer.

The pneumatic section of the system was composed of a compressor, equipped with a
dehumidifying mechanism, devices for conducting feeding gas, a control valve and com-
ponents for measuring non-electric quantities, such as gas temperature and humidity in
various parts of the system, pressure and concentration of Os. The experimental setup is
depicted in Fig. [2.5

Function | | Power | | — . } Control
Generator Amplifier Transformer nvp Osalloscopge [ system ]
Spectra e L |
Thermobox analyser | Glass window
MD N : : @ @
; MFC - Tr Active ;Iectrode;
D\ xg Airinput ez - :
; —_— 1 ()‘4()-()-()-()-()-O-()-()-()- J— T
N U T N Exhaust
@ Thermopad Ceramic plate ! PCM
3
@ G o -4 ' Thermostat < CvP

Grounded T CM
electrode

Figure 2.5: Experimental arrangement.

Two methods were used to keep the temperature of the discharge chamber constant
(for reasons see the [21], [26] in Appendices [A.3} [A.8] and compare with Chapter [3.1]).
Firstly, the cooling water flowing through the radiator (for example a central brass tube)
was supplied to the thermostat WCR P12. The temperature of water Ty was controlled
in this way. Secondly, the discharge chamber was placed into the cooled thermo box POL-
EKO-APARATURA, offering the possibility of regulating temperature from +3 to +70°C
with an accuracy of £0.1°C. The experiments were performed with the cooling water Ty
temperature, and temperature in the thermo box Tt was adjusted as required.

Air is supplied from an oil-free compressor through a membrane dryer (MD) and a
system of air filters and a mass flow controller (MFC). The relative humidity RH, temper-
ature Ty, and pressure P of the air prior to discharge chamber input (see Fig. were
monitored. Also measured was temperature T of the air at the discharge chamber output.
An RH sensor was installed to monitor relative humidity. A digital manometer detected
the pressure Siemens Sitrans P. Finally, air temperature was measured by the optical fibre
thermometer Neoptix. BMT 964 or API 450 ozone analyzers measured the concentration
of generated ozone at the discharge chamber output.



The power supply system consisted of the function generator KEYSIGHT 33500B, wide-
band AC power amplifier AL-1400-HF-A (1000 W, frequency response 5 Hz to 800 kHz),
and a high-frequency high-voltage transformer AL-T1000.7 (1000 W, frequency response
3.5 to 11 kHz).

The electrical parameters of the discharge were recorded by a digital four-channel os-
cilloscope Tektronix MDO4054B-3 (3 GHz, 2.5 GS/s). Discharge voltage signal V;(t) was
measured by a high-voltage probe Pintek HVP-28HF (division ratio 1000/1, frequency up
to 200 MHz) and discharge current was monitored by a Pearson current monitor (PCM —
model 2877, bandwidth up to 200 MHz).

The measuring system is controlled by a Raspberry Pi 4 single-board computer. This
computer runs on a dedicated software, created during the course of experimental setup
design. Using the Modbus TCP bus, the proposed software collects and stores sensor
data and manages individual devices connected to the experimental chain utilizing SCPI
commands. The course of the experiment depends on predefined parameters. These include
the total duration of the experiment, its duty cycles and the number of their repetitions,
setting the resolution of the oscilloscope and setting the fixed input voltages on the function
generator. In addition, it is possible to perform power regulation or input voltage to
the ozone generator chamber, using active control of the function generator and feedback
measurement of electrical quantities on the power analyzer. The software is responsible for
the synchronous collection of non-electrical and electrical data. The computer measures
the non-electrical quantities; meanwhile, electrical data are collected by oscilloscope. Both
outputs are stored in CSV files and prepared for later fusion and processing.

Figure 2.6: Particle injector for flow visualisation.

The laboratory equipment for checking the shape and direction of feeding gas (see Fig,.
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flowing through the chamber and the validity of the real preparation with a numerical
model (depicted in Fig. [2.6) was set up by a pneumatic system, supplemented with an
active particles injector. The streamlines of the feeding gas were monitored by means of
small 710y granules carried by gas, and their movement was recorded by a high-speed
camera Photron SA-Z 2100 and the necessary accessories, such as software for high-speed
recording, light sources and high-speed memory modules. Experiments involving flow
monitoring on the real equipment helped in verifying the model s reliability from the
Comsol Multiphysics environment, and thus confirmed the importance of implementing
the designed solution.

Figure 2.7: Detail of visualised flow patterns.

2.2.3 Electrical parameters of dielectric barrier discharge

At atmospheric pressure, SDBDs tend to display a strong trend of filamentary development
exceeding the areas with homogeneous nonthermal plasma (atmospheric glow discharge).
Typical diameter of the transient microdischarge is 100 pm in air at atmospheric pressure,
and a 1 mm discharge gap and durations at the order 10-100 ns |27]. The principle of SDBD
is based on regularly alternating positive and negative potential conducted to an active,
or rather grounded electrode. During a negative half-period, active electrode generates
electrons that are accelerated by a powerful surface electric field in the direction from the
dielectric material. In a positive half-period, electrons are desorbed from the surface and
accelerated in the opposite direction. The given situation is shown in Fig. [2.8]

DBDs are normally characterized by a large number of microdischarges per unit of
electrode area and per period of driving voltage. Their existence is accompanied by current
pulses. Under certain conditions, microdischarges increase their cross-section and merge,
while discharge appears to be homogeneous. The occurrence of microdischarges and their
pattern are determined not only by the amplitude and frequency of driving voltage, type of
gas, its humidity, and presence of admixtures in the gas, but also by the surface properties
and, of course, the electrode geometry (see [20] in Appendix [A.2)).
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Figure 2.8: Principle of the surface dielectric barrier discharge.

Depending on the electrode layout, applied voltage and its frequency, pressure, and the
type of feeding gas, SDBDs may occur both in a filament and homogenous regime with the
typical Townsend or streamer properties.

The electrical supply voltage frequency is of smaller importance for the change of the
character of discharge. Rising frequency slightly reduces the burning voltage of the dis-
charge, i.e. the state whereby discharge is burning all over the entire surface of the elec-
trode.

This is understandable if we assume that charge density does not completely vanish
from one period to the other. In that case, charges at higher frequencies have less time to
recombine, giving a higher charge build-up and allowing for lower burning voltages [9].

The explanation of the change in the number of current pulses per unit of time with the
change of frequency [17] is mainly based on the accumulated charges of the microdischarges
over the dielectric material from the preceding half cycle of the applied voltage, which
enhances the electric field and subsequently the discharge in the next half cycle of the
applied voltage.

Growing amplitude of supply voltage results in mounting current peaks, representing
growth of discharge filaments, just as of continual current. A higher supply voltage is also
reflected in earlier occurrence of individual filaments and in their greater numbers. The
amplitude of the current peaks is about ten times larger in the positive half-period than
in the negative half-period.

Electrode geometry itself has its significance for a higher growth of filaments when the
active electrode is longer or the effect of a smaller number of mutual electrode motives is
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applied (edge effect is prevalent). The amplitude of current peaks representing microdis-
charges is dependent on the space filaments can fill up. In the case of individual electrode
strips being at a short distance from one another, mutual electric fields overlap and influ-
ence each other, while filament density decreases (Cf. [28]). When the distance between
individual strips is smaller, the number of filaments drops as a result of Paschen’s law,
but their frequency remains unchanged. Study on the impact of frequency and amplitude
of the supply voltage depending on the generation of the amount of O3 was published in
the article [20] in Appendix . The details are shown through the relationship between
Fig. 9 and Fig. 10 in [20] in Appendix [A.2]

2.3 Representation of the microdischarge channel devel-
opment based on 3D numerical study

Recently published articles offer a predominance of studies describing the origin and beha-
viour of dielectric barrier discharge from an experimental point of view [21], [29]-[32], while
phenomena characterized by physical-mathematical models are treated less frequently [33]—-
[38]. The past few decades have seen the development of mathematical models describing
— with a certain, smaller, or greater precision and success rate — the specific configura-
tion of the phenomenon being modelled [39]-[43]. The authors [17], [21], [31], [44] classify
such models into simplified (phenomenological) ones and first-principles ones that employ
mathematical approaches to solving the given task. The category of simplified models com-
prises, for instance, Electrostatic models, Linearized force models, or Potential flow models.
For their part, first-principles-based models include Kinetics models and Fluid models [35],
[45], J46]. The latter ones, in particular, are the subject of our studies.

As long as our research is oriented towards the discharge generation of various active
species like ozone [22] (available in Appendix , the critical quantity which determines
the efficiency of this generation is the dimension of the active volume in which the processes
of species generation occur. In the case of SDBD, discharge develops along the dielectric
surface. At critical field strength, a set of microdischarges appears on the dielectric surface,
which is accompanied by the luminosity of the discharge near the strip electrodes. This
luminosity area and, consequently, the active discharge volume do not cover the whole area
of the dielectric.

The physics of the discharge, leading to the formation of the active volume, is rather
complex; therefore, we had to make essential simplifications. Thus, we restricted ourselves
to the positive half-period of the driving voltage only, used solely one type of positive ions-
electrons model, and restricted ourselves to a time interval ' = 46 ns. This assumption is
associated with the processes of electron production from the electrodes. In the case of the
strip electrode’s positive polarity, the photoemission current plays a decisive role. The ion
emission current is less significant [47]. According to this paper, the photoemission starts
after more than T' = 15 ns. In fact, for the negative polarity of the strip electrode, the
photoemission current reaches a maximum at about 7' = 6 ns. Thus, the photoemission
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and the ion emission from electrodes in the chosen simulation time interval can be neglected.
Besides, this time interval limitation allows us to ignore the heating of electrodes, gas
heating, and heat-related effects on electrodes and gas properties.

2.3.1 Physical description of the SDBD phenomena

This chapter is based on the author’s works [22], [23] in Appendices and [A.6] We use a
two-species model with electrons and one type of ions, notably for positive ions. Moreover,
we restrict ourselves to the initial phase of the positive half-period of the applied voltage
and disregard different ionic reactions.

Note: Definitions of electrode areas and labeling of the bounded domains are based
on [22], [23] in Appendices and

Therefore, the definition of the model follows from [22], [38], |43], [48]-[50]. Hence, we
first model the relation between the electric field E : Q7 — R? and the electric potential
® : ()7 — R by means of the Poisson equation as follows

E=-V® inQr, (2.1)

where V represents the gradient with respect to the space variable. Further, we assume
the electric potential to be decomposed into two parts: ¢ : Qr — R being induced by the
external electric field and ¢ : Q4 X (0,7) — R being induced by the net charge density
in the plasma, i.e. ® = ¢ + ¢ and

V - (eaireoVe) = —ec(ne — n;)  in Qay x (0,7), (2.2)
V. (e:80V9) =0 in Qr, (2.3)

where V represents the divergence operator, n. : Q4; X (0,7) — R denotes the electron
density, n; : Q44 X (0,7) — R denotes the ion density, ¢ is the vacuum permittivity, &,
is a piecewise constant function designating the relative permittivity of air (¢, = 4, on
Q4;r) and dielectric material (£, = ep;e on Qp;e) and e. is the elementary charge.

Further, the time evolution of electrons and ions concentrations are determined by the
continuity equations where the ionic reactions are defined using the Townsend coefficients
[51], i.e., the time evolution equations are described as follows

3ni
ot

Bp.
|E|

+ V- (n;V;) = Ap.exp{—

} ||neVe|| — TieliTe (24)

in QAir X (O,T)
Summing up, the used assumptions, including chosen simulation time interval, allowed
us to write a continuity equation for electrons in the form of (2.5)),

Oone
ot

Bp.
| E]

+V- (neve) = Apc exp{—

FneVell = ricenine, (2.5)
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in Q4 % (0,T), where V; : Q. X (0,T) — R3 is the ion velocity field, V. : Q4 x (0,T) —
R3 is the electron velocity field, p, is the constant air pressure, ;. denotes the electron-ion
recombination rate, A and B are pre-exponential and exponential constants, respectively.
For the sake of completeness, let us note that || - || represents the usual Euclidean norm.

Note: Let us comment on the assumption of constant air pressure. Since we are set to
work within a very small time range (= ns), it seems reasonable to assume the air pressure
to be constant. Though it is still by no means obvious that this simplification is insigni-
ficant, we are also unable to compute an approximate solution without this assumption as
yet.

Further, using the so-called Drift-Diffusive model (see [51], [52]), we rewrite electronic
and ionic fluxes as

neVe = —nepte E — DVne in Qa; x (0,7,

where p. and p; are the electron and ion mobility coefficients, respectively, and D, and D;
are the electron and ion diffusion coefficients, respectively.

Now we observe that the numerical solution of equation can be computed inde-
pendently of the remaining equations. Therefore, by substituting , , and
into and and using the results of , we can reduce the remaining equations
to three scalar equations for three scalar unknowns (¢, n;, n.) and compute the remaining
entities afterwards. All in all, we, therefore, focus on finding a solution (¢) of equation
in Q7 and solution (¢, n;, n.) for equation coupled with the following equations

on;
37715 + V- (=i V(o + ) — D;Vn,)
Apeexpl{— =P} s, V(6 + ) — DV,
= Pc€XP\— TS T ne,ue 90 - e VT
V(6 + o)l
— TicreNiMe (2.8)
on,
ot +V- (ne,uev(¢ + 30) - Devne)
Apeexp{— =P} s, V(6 + ) — DV,
= Apeexp{———=————} |1 pte ¢) — D.Vn,
V(¢ + ¢
— TicreNiMe, (2.9)

in Qui x (0, 7).

Thus, formulating the initial and boundary conditions for (¢) and (¢, n;, n.) remains.
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We assume the following setting [22]

¢(z,0) =0 in Q, (2.10)
gb(x,t) =0 on FG’rnd X (O,T), (211)
d(x,t) = Ugmp sin(wt) =: ggrip(x,t)  on gy x (0,7) (2.12)
0

8—Z($,t) =0 on FWalls X (O, T) (213)
@(2,0) =0, in Qu, (2.14)
o(x,t) =0 on gy x (0,7), (2.15)
0

a_i(xa t) =0 on 1_‘TopWalls U FAirToDie X (07 T)7 (216)
ni(z,0) = nd(z) in Qaq, (2.17)
ni(z,t) =0, on gy x (0,7), (2.18)
8ni

a_n(xa t) =0 on FTopWalls U I_‘AirToDie X (Oa T)a (219)
ne(x,0) =n(z) in Qs (2.20)
On. (,t) =0 on 9y x (0,7), (2.21)

on

where ¢gtrip : Ugirip X (0,7) — R is an electric potential boundary function, n denotes the
outer unit normal vector to 9Q, n? : Q; — R and n? : Q4; — R is the initial ion density
and electron density, respectively, Uy, is the discharge voltage, w = 27 f is the angular
velocity and f is the frequency.

Note: Let us comment on boundary conditions for ions and electrons. Although
there are several theories regarding a proper setting of boundary conditions for them [35],
[53], we prefer to assume the homogeneous Neumann condition on the whole boundary.
An exception will be for the I'g;;;, for ions, where it is clear and physically reasonable
to assume a homogeneous Dirichlet condition for the positive half-period of the discharge.
Since there is uncertainty as to the proper setting of those boundary conditions, we instead
implement the general condition even though, numerically, it renders the computations less
stable.

2.3.2 Formulation of the problems

In this section, we start with the process of partial non-dimensionalization and then intro-
duce the weak formulations of the studied problems. The partial non-dimensionalization is
motivated by better numerical stability due to the appropriate rescaling of the quantities
we are simulating.
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2.3.2.1 Non-dimensionalization and weak formulations

Inspired by the non-dimensionalization scheme presented in [40], we introduce new variables
and new dimensionless quantities as follows

t €T;

ngv Zi:fzai:Lzagv
e n; €c
N,=-% N=-" &,=—0, 2.22
No ) 4 kpT, ( )

where tg is reference time, L is characteristic length, ng is reference particle density, kg is
Boltzmann’s constant and 7, is electron temperature.
Let us now define

G:{éeH() ¢ Ooanrnd}
“ = {¢ € H ( ) ¢ O on FSt’I‘ip U I-‘G’/‘nd}
DAZT‘ = {90 S H (QA“") =0on FStriP}
and assume there exists ¢%,,,, € C(0,T; DY) such that @g.p is its trace on Tgpy x (0, 7).
Now we are ready to introduce the weak formulation of the problem governed by equa-
tion ([2.3)) and boundary conditions (2.10))-(2.13)). Let us denote this weak formulation as
(SDBD-0): Find ¢ € L*(0,T;D%) such that holds:

€c * 2 . SG
¢ - @(éswip €L (O7T7D )7

a(p,d) = 0 for a.e. t € (0,T),Yp € DC,
lim [lo(-,8) ]| .2 () = 0, (2.23)

where

a(),d) = eair /Q | VoV oda + € pie - VoV odz. (2.24)

Further let us as well introduce the Weak formulation to a problem governed by equa-

tions ), .8), (2-9) and conditions (2.14)-(2.21). Let ¢ € L*(0,7;D%) be a weak

solutlon of problem (SDBD-0). We denote the weak formulation as (SDBD-1): Find
ga € L*0,T; DAW) N; € L2(0 T;D5,,) and N, € L*(0,T; H*(Qa4)) such that for a.e.
€ (0,T), Vg € DS, . VN, € DS, and VN, € H'(Qy)

aAir(SO, 95) = L(sz Nea 95)7

N;
/ ON: R + pic(N 0, 6, Ny) + Did(N;, Ny)
QALT‘ 87_

— fe(Ney 9, 6, N;) = R(N;, N, ;)
/ %Ned:v — 11e¢(Ne, 0, @, Ne) + D.d(Ne, NB)
Qair 87’
_fe(N67907¢7 Ne) :R<NiaNeaNe>7 (225)
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and

lim [lo(-, 1) || 2205) = 0,

t—0
. 1 0
lim [N (-, £) = n—oni(')Hm(nAir) =0,
1 0

11_1)% ||Ne('>t> - n_one(')HL2(QAir) = O’
where (for N, N € H'(Q4s))

aAir‘(SO7 95) = / V@V@dxa
QA'LT

R .
(N, p,¢,N) = =2 [ N(Vo+ V$)VNdr,

eCL QAi'r

- t -
d(N,N) =2 VNV Ndz,
L QAir
kTt Djt .
NEEEEEN (Vo + V) + VN || - Nde,

Bp.e.L
e N7 s @5 =A c/ € -

Qair

ket Dt ~
N ELELO N (v 4 Vo) — ZELOUN| - N,
e.L L
e?L’n
LNi7N€7~ =" NNi_Nedv
(N0 N ) = S [ = Ny

}%(]\/vZ Ne, N) = _TiHGnOtO NNZNedl'

Qair

2.3.3 Discretization

We suppose that the domain €2 is polyhedral with the Lipschitz boundary. By 7T, we denote
a regular partition of the domain €2, and by 7,47 C T, we denote a regular partition of
the domain € 4;,.. Let us define

DS = {¢y € DY : dylxe P(K), K € T},
D¢ = {¢, € D : dplxe P(K), K € Ty},
Diir,h = {N, € D5, : Nj|lx€ P(K),K € T2},
D girn = {Nh c H' (Quir) Nh|Ke P.(K),K e TA"Y,
L,={E, ¢ LZ(Q)3 i DAPNIS Pr—l(K)3,K €T},
LY = {V), € L*(Qur)® : Vi|x€ Po_1(K)3, K € T},
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where P,.(K), Py(K) and P,(K) denote the space of all polynomials on K of a degree less
or equal to r, s and ¢, respectively. Moreover, we assume r > 2, s > 1 and ¢ > 1.

For the time discretization of (SDBD-0) and (SDBD-1) we consider a uniform partition
of the time interval [0, 7] formed by the time instants t; = jA¢, j = 0,1,..., jmaes, With a
time step At =T/ jima-

2.3.3.1 Approximate solution for (SDBD-0)

Let gfl € DY =~ Uuppsin(wt;) on Lsyip, j = 0,...,jmaz- We define the approximate
solution of (SDBD-0) problem obtained by the Finite Elements Method as a set of functions
¢ € DS j=0,..., jmas, satisfying

¢%_Q%EDEG vj:ov'-‘vjmaza
a(qbinqgh) =0 \V/] :Ow'wjmaa:vaZBh S DsG
I$hlz2(@) = 0. (2.26)

2.3.3.2 Approximate solution for (SDBD-1)

Let {gf){l}jzgx be an approximate solution of (SDBD-0). We define the approximate solution
of the (SDBD-1) problem obtained by the BDF-2 method (BDF stands for Backward
differentiation formula) and the Finite Elements Method as functions (¢}, Nij, Nob) €
Df‘ir’h X Dflir,h X Dairny J=0,..., jmaz, satisfying for all 7 =1,..., jimaa

aair(h, Pn) = L(Nej, Niby, @n) Ve € Diin
1 . 4 . 1 . ~
~ /Q (Nih, — 5 Nii, et SN, VN, pda
Air
9 S
= §Fi(Ni?17Ne€l7gpgw gle‘lyl 1790‘}71 1’¢.}71 laNi,h)
sz,h 6 Dii’f‘,h’

4 1 . -
(N — gNeiL_l + 5J\feg;Q)Jve,halg:

1
AT Qair

2 . . . . . - . ~
= gFe(Ni;pNeiagp;p gpNegL 17S0;L 17@% 17N6,h)

VN&h S ,DAZ'TJU (227)
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where At = 2L (g Nij, Nepp) and (@3, Nij, ", Ne, ') are defined as the L*(€2) projections
of the initial data (0 g no) and (0,0, 0), respectively, on DS, X D3, X Dagrp and

’n ' no

F; (NZiL’NBh790h> Nzi 1#7;,, ,¢] g Nipn)
= pic(Ng), @b, &% Nip) — Dal(]\f?1 Nin)
+ fe(Nejis 04 01 Net 0l 00 N
+ R(N;}, Ne?l, Ni )

Fo(NihNet, 1 &y Net, o 0h ' 11 Nen

)
= —HeC (Neha(pha J N,h) - Ded(NeiuNe,h)
+fe(NeiLa§0h7 haNEiL 15902_17¢ib_17N )

+ R(ngp Ne.;p Ne,h)

where fe is linear approximation of f,, defined in the following section [2.3.3.3

2.3.3.3 Linear approximation of ionization rate

Even though it might seem that we should directly use the Newton method to solve the
presented non-linear problem, we rather introduce a linear approximation of ionization
rate separately and with extra care. As we will show below, it is necessary to carefully
treat the possibility of division by zero and problems with finite machine precision. Most
importantly, identical problems have to be overcome even if we skip the linearization pro-
cess and use directly the Newton method since the derivatives performed in the Newton
method will introduce similar “controversial” terms.
Let us define the following operator f acting on Daspp X Dairn

f(on, Ni) = ccexp{— |}H7th<ﬂh SVNu|: Q2 =R, (2.28)

p
IVeon|
where «, 8,7, d are generic constants. It is obvious that f(¢y, IVy,) is not defined on set © =
{z € Qi : [[Von(z)|| = 0} for given ¢;, € Dajpp. Nevertheless, we can set f(¢p, Np) =0
on O and then for such f(pp, Nj) holds that f(pp, Ni) € C(Qair).

Now, we present the linearization of the operator for any (¢n, Ni) € Dairn XD airn
from Which one can easily deduce the linear approximation of ionization rate.

Let 1/Jh {1} be the basis of space D air.hs Mg = dim(D g4y h) Now, any ¢, € Dairp
can be uniquely represented as @ = P - @Z)h =" Whh, where U € R™Ma.

Consequently, operator f can be understood as an operator acting on R™ x R™d_ i.e.

- -

f(on, Nu) = f(¥,, Uy)
s

T Ty - T - Vi, — 6Ty - Vi
||‘1’¢'V¢h’|}”7 N - Un © h N whH

= aexp{—
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-

Using the Taylor series, we introduce a linear approximation of f (\17@,\I/N) near point
(W), ¥Y) € (R™ x R™) as follows

4 4 of
F(Wo, Uy) = [T, UR) Y (U5, Uy) - (T, — W)
¥
0 -
N

af 70 10 e 6

— (U, Vy) =V |aex 1/1

a\p(p( ® N) h { H\Ifov¢h”}7 N h2||J|l

AV
|8 exp{—— - fo—=- Q{h ]
INGAYELA (] R GAVRA I
=— (V. ,Uy) = |aexp{—————=
o3y Vo) [ SN TTCARE]

: (7‘1787V1/7h A — 5V1/7h) :

under the assumption that every term on the right-hand side makes sense.

Here, we can observe that we should take care of possible divisions by zero and potential
problems introduced by the machine precision limitations, as mentioned earlier.

Let us now switch back to the equivalent representation of operator f by (2.28). We
finally present the approximation of f at the point (¢p, N) € Dajrn X Dairp, near point
(90]7,7 NO) € DAzrh X DAzrh

f(@h7Nh) .]F(QOMthSOh?Nh) (229)
= fooleh, N2) + fro(eh, Ni) - V(gn — &) (2.30)
+ for(9, N2) - [V on(Nn — N}) — 6V(Nw — N)]
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where using marking K = yNYV) — 6V N}

~ 10 2
foo(‘PiomNi?) =0, if ||V<Ph|| < 3
= aexp{— HIK], else
||V ol
~ 10 2
fio(eh, Ny) =0, if |[Vep]l < 3
3 Vo
= |IK]| 8 exp{— } :
IVl " 2Vl
102 1 3
if [V > —, |IK|| < zay exp{———
B o K
— qexp{— b _}yN
IVl 2K
3 Ve
+ | K|| B exp{— , else
AN T ZI IET
for(ep, Ny) =0,
IV < 22 or K| < S exp )
i —aexp{———
" 5 2 IVl
0w, 0 0
= aexp{— b N, Vi, = OV, else.

Ve 2 ATV — VNI

It is clear that f is linear. Taking here gai + ¢i instead of ¢y, Nefl instead of Ny,
+ ¢~ " instead of 9, N2~ ' instead of NY and by proper choice of a, 3,7 and §, one
easﬂy gets the linear approximation of the ionization rate.

2.3.4 The reconstruction of E, V,; and V,

In order to reconstruct the entities E, V; and V., we use equations (2.1)), (2.6) and ({2.7)),
respectively. First,we define the approximate solution to (2.1) as a projection of (V(¢y, +
¢7)) on Ly, i.e. as a function E] € Ly, 7 =0,. .., jmaa, satistying for all E, € L,

- kT -
/ BjBydr = 2% / Vol Bpda + / Vil Bpdr).
Q Q QA’LT‘

€

where ¢{L is the approximate solution of (SDBD-0) and gofl is the first component of ap-
proximate solution of (SDBD-1).

Now, we have to proceed more cautiously in reconstructing V; and V. has to be more
cautious. Slnce the precomputed particle densities NZiL and Neib may be of zero value,
equations ([2.6) and (| . ) become meaningless at some parts of the domain (there might
be no particles to track). This may make our task harder since we work within computer
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arithmetic: the values might not be equal to zero but just close to the machine epsilon.
This may lead to absurd values of particle velocities.

Therefore, we employ a simple heuristic “where there are a few particles, there is no
movement.” We define a minimal amount of particle coefficient N,,;,. Further, we define
the approximate solution to as a function V?j € L;?", J=0,..., Jmaz, satisfying for
all E;, € L and for all K € T4

- D, N
/ V?thdx = / (/VLZE% — —Z(V]\%/Nz%» Endz,
K K L

if / Nidx > Npin
K

K

Analogously, we define the approximate solution to (2.7) as the function V% € LA
7=0,..., Jmaz-

2.3.5 Implementation of the numerical scheme

As stated in the introduction, we carried out the implementation in FEniCS environment,
and we will describe the numerical scheme using pseudocode based on FEniCS libraries.

We start by describing of the numerical solution (SDBD-0) and (SDBD-1). First, let
us note that all presented discrete problems are equivalent to a system of linear algebraic
equations.

SDBD-0

We use the FEniCS in-built GMRES (Generalized Minimal RESidual) iteration method
with ILU preconditioner to solve the system of linear algebraic equations. The absolute
convergence criterion (based on the norm of residuum) for GMRES is set to 107 with a
maximum of 200 iterations [22].

SDBD-1
We use a similar setting as for (SDBD-0), i.e. the FEniCS in-built GMRES iteration
method with ILU preconditioner with the same criterion settings.

Reconstructions
Using the FEniCS method project (from dolfin.fem.projection), we implement the re-
construction algorithms and obtain approximative solutions.

2.3.6 Pseudocode of main scheme

Now the main algorithm scheme is as follows:

timestampgppp = AT
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while timestampgppp < 1™
Solve (SDBD-0) at timestampgppp
Compute coefficients for f,
Solve (SDBD-1) at timestampgppp
Compute reconstructions at timestampgppp

timestampgppp += AT

2.3.7 Numerical results

Numerical examples illustrating the above-described approach can be found in [22], [23],
see also Appendices and [A.6] Figs. 2.9)- show calculated trajectories of electrons
and ions at the time, T' = 18 ns, with corresponding V; and V, velocities. The colour of
individual parts of the trajectories signifies the magnitude of velocity. For better clarity,
only trajectories between two neighbouring strips are shown close to their tips.

It should be pointed out that these trajectories depict only the state during the initial
phase of the positive half-period of driving voltage. Proceeding from a comparison of the
trajectories of electrons and ions, it can be concluded (see Fig. that electrons do not
extend as much from the edge of the strips as ions do.

Figure 2.9: Trajectories and Figure 2.10: Trajectories Figure 2.11: Luminous re-
velocities of ions V; at time  and velocities of electrons V,  gion around the strip elec-
18 ns. at time 18 ns. trode.

This trajectory of the relevant particles could be associated with the luminous region
around the strip electrode, depicting the active volume of the discharge. Therefore, this res-
ult could be used to optimize the distance among neighbouring strips. This, in turn, would
have a strong impact on the design of the electrode system. The practical implications are
apparent in Section [2.4 and Chapter [3]
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2.4 Comparison of the suitability electrode systems for O3
and UV generation

In the following text, the appropriate choice of the relevant electrode system for O3 and
UV generation is introduced. This chapter is based on the knowledge published in [20]
and available in Appendix[A.2] where we tested two active electrode setups created on the
upper side of the Alumina plate. The first one, the strip active electrode was formed by
14 strips, each 59 mm long and 1 mm wide, made of a 0.035 mm thin copper foil. The
distance between adjacent strips was 3 mm. This electrode was glued to the Alumina plate.
The capacitance of the electrode system containing this active electrode was 202 pF.

The second active electrode setup consisted of a stainless steel wire mesh with square
cells of inner dimensions 1 x 1 mm. The wire used for the mesh had a diameter of 0.4 mm.
Due to the structure of the mesh the wires touched the Alumina plate surface at points
of intersections of the orthogonal wires. The capacitance of the electrode system with the
mesh active electrode totalled 103 pF.

Sinusoidal driving voltage of frequencies 4, 7 or 10 kHz was applied. The concentration
of ozone at the output of the discharge chamber was measured by the absorption of a 254 nm
UV spectral line with an API 450 ozone monitor. The accuracy of ozone concentration
measurements was +0.5%. We measured discharge UV emission for the wavelengths of
320 to 420 nm, using the AccuMAX UV monitor. An XS-365 sensor of the diameter of
21.6 mm was employed for a range of intensities of 0-100 mW /cm?. For UV intensities
measurements, the upper Plexiglas window of the discharge chamber was removed and
replaced with a window with an opening in which a tube of the inner diameter of 36.5 mm
was inserted. The centre of this tube coincided with the centre of the active electrode. A
UV sensor was placed at the end of this tube at a distance of 63.5 mm from the upper
side of the Alumina plate so that the UV peak intensities were obtained by registering the
radiation emitted directly by the discharge. Full description of the setup was published in
[20] and is available in Appendix [A.2]

The microdischarges originating at the strips can freely develop and terminate between
the strips. This is shown by the occurrence of the dark region in the middle between
adjacent strips (see Section [2.3]in Chapter [2l and Appendices and and Fig. [2.12).
However, partial suppression of microdischarges originating from the strips and the per-
pendicular part of the electrode connecting the strips can be observed at the corners when
the strips meet with the connecting part of this active electrode (see Fig. . This
suppression is illustrated by the darker triangle-shaped regions at these corners.

These triangles and darker regions between two adjacent strips could be seen in the
zoom image of the discharge in Fig. and also appeared in [20], available in Appendix
E. If consecutive strips are close to each other or the electric field is too strong (see Fig.
2.12b)), their electric fields overlap and the homogeneous dark region is damaged together
with the microdischarges.

As for the discharge with the mesh active electrode setup, the electrode was made of
stainless steel wire. Due to the structure of the mesh, the wires touched the Alumina plate

24



(a) Homogeneous region. (b) Region with overlapped electric fields.

Figure 2.12: Darker regions between two adjacent strips.

surface at points of intersections of orthogonal wires, which resulted in the production
of plasma, manifested not only by the surface but also by the volume dielectric barrier
discharge. The detailed analysis of the physics of various configurations of the dielectric
barrier discharges is given in [47].

In most gases at about atmospheric pressure, the typical DBD systems are characterized
and initiated by a large number of independent current filaments or microdischarges. Their
existence is accompanied by current pulses.

These microdischarges can be described as weakly ionized plasma channels (Cf. Chapter
and published in [22], [23] in Appendices and[A.G). The number of microdischarges
per unit of electrode area and time depends on discharge voltage. The strength of the mi-
crodischarge, which can be defined by the energy deposition in the microdischarge channel,
is determined by discharge energizing, the type and properties of the feeding gas, gap spac-
ing, and the properties of the dielectric or the metal electrode. In addition to radiation and
collisional gain and loss, drift and diffusion, the convection of particles due to the neut-
ral gas flow also contributes to the particle balance of charged and excited species in the
microdischarge. Thus, temperature and gas flow are also important control parameters of
the microdischarges. We focused on these quantities in [21], [26], available in Appendices
and These articles are discussed in Chapter [3]

2.5 Summary
The obtained findings can be summarized as follows:

o When applied voltage amplitude or applied voltage frequency increases, the filament
rate, current peak amplitude, and simultaneously the dissipated energy in the DBD
system rise as well.

o The amplitude of the filaments seems to be strongly dependent on the space available
to plasma for expanding laterally around the electrodes. Indeed, if consecutive strips
are close to each other, their electric fields overlap (see Fig. [2.12D)).

o Due to the small dimensions of the mesh cells, the development of microdischarges
from each side of the square cell was suppressed. It could be, therefore, said that
when the geometry of the active electrode does not allow for full development of
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microdischarges, and volume and surface discharge occurs concurrently, the visual
appearance of the discharge is changed in comparison with the discharge featuring
the geometry of the active electrode with fully developed microdischarges; at the
same time, generation of O3 by the mesh electrode decreases.
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CHAPTER 3

Non-electrical parameters of the
discharge

Generation of ozone from air by an electric discharge is a complex process, which, apart
from electrical parameters of the discharge, material of electrodes, pressure, humidity, and
so on, depends mainly on air temperature and air flow in the discharge chamber. Out of
the many fundamental non-electrical phenomena, we focused on the two quantities most
heavily influencing the formation of microdischarges: on the temperature, and direction
(character) of airflow.

3.1 Temperature effect on SDBD

Air temperature in the reaction space depends on the temperature and efficiency of the
cooling system, heat transfer conditions (heat removal, direction of input, output, air-
flow through the chamber), and the total energy channelled into the SDBD system. Air
temperature determines not only its thermodynamic properties but also the coefficients of
reactions leading to both ozone generation as well as to its destruction in air-fed ozone
generators. This Chapter is based on our published articles |21], [26] in Appendices
A3 and [A.8

Ozone generation from air by SDBD constitutes a complex process involving many
ozone formation and ozone destruction reactions. There are different models of this mech-
anism, which differ mainly by the number of species and reactions involved (|15], [54]-
[56])-

Generally speaking, the mechanism of ozone generation by an electric discharge in air is
rather complex due to the presence of nitrogen in the air. The presence of nitrogen causes
ozone destruction processes because of the existence of nitrogen oxides. The simple model
of ozone formation from air involves the following reactions. The initial step is the electron
impact dissociation of molecular Oy and N,.
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The initial step in the formation of O3 and NQO, is the electron impact dissociation of
molecular Oy and Ny:

e+ 0y > 0+0+e (3.1)

e+ Ny > N+ N +e (3.2)

The threshold electron energy for molecular oxygen dissociation is 6 eV or 8.4 eV.
Similarly, the threshold electron energy for nitrogen molecular dissociation is 6.17 eV or
7.35 eV [57].

Atomic nitrogen reacts with Oy and O3 to form NO by the reactions:

N+ O, — NO + O (3.3)

N + 03 = NO + O, (3.4)

NO and NO, form a cycle for ozone destruction by the reactions:

NQOs is consumed by the following reactions:

N02 + 03 — NOg + 02 (37)

NOQ + NO3 — N205 (38)

and regenerated by the reactions:

N205 — NOy + N03 (310)

The principal ozone formation reaction dominant at high pressures (atmospheric) is
given below:

O+ 0y+ M — O5 + M (3.12)

An undesirable reaction, which determines the upper limit of O concentration, is as
follows:
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O+0+M — O+ M (3.13)

M is the third collision partner. In case of discharge in air M represents molecular
oxygen or nitrogen.

There are definitely other different reactions destroying ozone. One example of catalytic
reaction destroying ozone is:

The presented enumeration is simplified as it does not include the reactions involving
excited species, other molecules or other ozone self-destruction reactions.

Appropriate rates of individual reactions depend on various parameters, for example,
on electric field, temperature or pressure. Temperature, or more precisely temperature dis-
tribution in the discharge chamber, can be affected by varying air input into the discharge
chamber. Thus, for example the main ozone formation reaction dominant at atmospheric
pressure is reaction No. . In this particular case, the reaction rate dependence on
gas temperature T} is given by the following expression:

k=25-10"% . exp'%) (3.16)

where k is in em® - s71.

This expression shows that the reaction rate of ozone generation decreases with
rising gas temperature.

Unlike ozone generation, NO, formation is expedited by heat and is linked with dis-
charge path temperature. Thus, for instance, reaction No. is significantly enhanced
by increasing gas temperature.

300
k=15-10"2 exp 7o (3.17)

where k is in em? - s71.

For example: for the ozone formation reaction No. , an increase in temperature
from 10°C to 20°C causes a 10% decrease of this reaction rate. On the other hand, the
same change of temperature for the NO, formation reaction No. gives rise to an
increase of this reaction rate by 16%. Obviously, discharge ozone production results from
the reaction rates of all the individual reactions involved in the process. Increasing gas
temperature substantially reduces ozone generation processes.

In the context of the dominant reactions leading to ozone generation and destruction,
it should be pointed out, however, that the role of particular reactions resulting in ozone
generation and destruction varies with the temperature of the gas used. Thus, according
to [56], for a temperature of air gas lower than 350 K, the dominant reaction for ozone loss
is described by the following reaction:
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Figure 3.1: The main reactions leading to ozone generation and depletion.

€+03—)O+02+€ (318)
for which the reaction rate coefficient is k£ = 5.88 - 107 in em? - s [58].
An extremely fast reaction that depends steeply on temperature is:
03 + 0 — 02 + 02 (319)
for which the reaction rate coefficient according to is

2300

k=18-10"" exp (7’ (3.20)

The dissociation rate coefficients of Oy, N5, and O3 by electron impact depend on the

energy distribution of electrons in the discharge (both in space and time). These coefficients
are represented as a function of electric field strength per unit gas density (E/N) [15].
According to , the optimum reduced electric field for ozone generation from air at
atmospheric pressure is about (E/N) ~ 200 Td; this process takes about 100 ps.

The process of ozone synthesis (and its decomposition) occurs at temperatures higher

than the temperature of the gas involved. It proceeds in the discharge channels in which

the temperature 7" (see reactions No. (3.12)), No. (3.19)), and No. (3.13))) during the short

time after the decay of the electron passage is several dozens of degrees higher . More
details about the temperature effect with related links to the cited articles can be found

in [21], in Appendix and [A.§|
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3.2 Interaction of SDBD with low speed airflow

Interaction of DBD with the surrounding environment represented by feeding gas has a
non-negligible effect not only on ozone generation but also on the formation of other active
ionized species and on discharge stability.

Since ozone is formed mainly in microdischarges [14], the change in the number of
microdischarges and their properties will result in a change of discharge ozone production.
Therefore, controlling plasma conditions inside the microdischarge columns is of great
importance for optimizing the reaction kinetics of ozone formation.

The overall yield of plasma processes in DBDs is determined by the multitude of dis-
charges, while the properties of a single discharge determine the main processes. That
is why it can be said that DBD is characterized by conversion of electric field energy to
chemical or physical processes or heating of the gas or surfaces, and the effectiveness of
special application of DBD crucially depends on the dynamics of charge transfer within
the discharge [1]. While the energy of the electrons is put to use for chemical and physical
purposes, the energy of ions controls the stability of the discharge. This energy conversion
efficiency is governed by the total amount of energy released in the discharge volume per
unit of time. This quantity, expressed as power density, depends on electric field strength
and on current density, and is described by the following equation [3.21]

p=3jE (W/m?% (3.21)

The current density j can be expressed by the following equation:
j=+uNE - DVN +vN (A/m?) (3.22)

In this expression N = e.n, denotes the density of charged particles, u refers
to charged particles mobility, E designates electric field, v denotes local velocity, and D
stands for the diffusion coefficient.

Application of the flow to the discharge can affect all three terms in the expression
for current density and, consequently, energy transformations in the microdischarges. The
airflow through collisions of the neutral particles with ions affects microdischarges dimen-
sions as well as the mixing of the gas. This influences the size of the region in which the
plasma-chemical processes occur. Obviously, an important role in these processes is played
by flow velocity, uniformity of the flow in the discharge chamber, number of microdis-
charges (which is determined by the electrical parameters of the discharge and geometry
of the active electrode), and also orientation of the flow with respect to the microdis-
charges. When airflow is oriented perpendicularly to the microdischarges, their radius is
effectively influenced, and, proceeding from our published results in [21], [22], [26], [60] in
Appendicies[A.5] [A.3] [A.7] [A.§ there is a maximum impact of the flow on plasma-chemical
processes. Unfortunately, as is often the case with plasmas, one external parameter, such
as orientation of gas flow with respect to the microdischarges, affects multiple aspects of
the discharge simultaneously [61]. Thus, the overall yield of plasma-chemical processes in
the discharge is given by the synergy among all the above-mentioned properties.
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As a result, we focused on exploring the impact of airflow direction on the amount of
generated microdischarges, and thus on affecting the plasma-chemical reactions leading to
the development of O3 concentration.

3.2.1 Perpendicular versus parallel airflow with respect to the mi-
crodischarges

Based on the above-mentioned facts, we tested in [21]-[23], available in Appendices
A5 and different directions of the feeding gas with respect to the geometry of the
high-voltage active electrode.

Subsequently, for two mutually orthogonal directions of the feeding gas flow, i.e. the
parallel direction and the perpendicular direction to the electrode geometry (or more pre-
cisely, perpendicular to the microdischarges and parallel to the microdischarges), we carried
out a detailed verification of its effect.

An axisymmetric geometry, cut from aluminium foil (see Fig. and glued with
electroconductive glue to an Alumina plate, served as a high-voltage electrode. In order to
comply with the conditions of orthogonality, a chamber with eight inputs and outputs of
the feeding gas was printed, using 3D printing to make sure that the inputs and outputs
were directed into the eight spaces equally between the individual electrode strips (see Fig.
and . For all our experiments we used 3D-printed PLA chambers that were tested
for ozone resistance in [2], available in Appendix [A.1]

The dependence of O3 on the discharge power was measured for both configurations
and is shown in Fig. A striking difference between the parallel (blue curves) and
perpendicular (red curves) flow to the given configuration of the electrode geometry can
be seen in Fig. [3.5] This effect is significant up to the value of feeding gas flow of less than
6 1/min.

There are several contexts that can explain the impact of the difference in the parallel
and perpendicular airflow orientation.

It is important to mention that the effects first published in [22] were observed in
stronger electric fields represented by higher applied voltage when the discharge burned
completely filamentarily. The electrode geometry was also not absolutely symmetrical. The
ends of the electrode were not encapsulated (interconnected). To correct these inaccuracies,
we repeated the experiment with an absolutely symmetrical electrode.

Fig. shows the dependence on ozone concentration versus effective discharge voltage
for an airflow of 2 slm, while Fig. depicts the same situation with an 8 slm airflow.
In both cases, both feeding gas directions were measured. The profound effect on ozone
production in relationship with parallel or perpendicular airflow can be seen in Fig.
Vice versa, the second case is depicted in Fig. [3.8

The species important for ozone formation include, among others, nitrogen ions in-
volved, e.g., in the second positive system of nitrogen C®II, — B3I, and in the first
positive system of nitrogen B3IT, — A3+, The lifetime of A3YT is of the order of around
1072 s and is much longer than the half-period of the discharge voltage. In our experiment,
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' Figure 3.3: Horizontal cross-section of the
Figure 3.2: Symmetrical electrode. symmetrical chamber.

Figure 3.4: Vertical cross-section of the
symmetrical chamber.

we used a 10 kHz alternating high-voltage signal. The metastable ions A*3] form a reser-
voir of energy during discharge generation [9]. If airflow orientation is parallel with respect
to the strip electrode (i.e., perpendicular to the microdischarge channels), the ions in this
metastable state are removed from the area of discharge and are reused in a neighbouring
microdischarge. The metastables move at a velocity equal to the speed of neutral molecules
represented by airflow velocity.

If airflow is oriented perpendicularly with respect to the strip electrode, the ions in these
metastable states are transferred within individual microdischarges (particles move in a
parallel direction along the microdischarge length), they are not removed, but they can be
absorbed by the dark region between the neighbouring strips. In our example, with airflow
amounting to 2 slm and 12 slm, respectively, they moved in one half-period of applied
voltage for a distance between 0.05 mm - 0.25 mm. These metastables further participate
in subsequent collisions leading to ozone formation. We supported our conclusions by
calculating the velocity field inside the symmetrical chamber (see Fig. |3.6]).

The metastables also contribute to the coefficient of secondary electron emission ~,
through the bombardment of the dielectric. If metastables are depleted, this results in a
reduction of v [9]. When v decreases, filaments start at higher voltage values.

The second effect could be associated with the influence of airflow orientation on mi-
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effective discharge voltage for the airflow effective discharge voltage for the airflow
2 slm. 8 slm.

crodischarge dimensions and consequently on the residence time. The longer the residence
time, the higher the probability of dissociation of oxygen molecules into atomic oxygen,
and hence the higher ozone generation. The residence time can be taken as a ratio of the
dimensions of the region in which ozone generation occurs and air velocity. According to
[14], ozone generation in dielectric barrier discharge takes place mainly in microdischarges.
The microdischarge radius is approximately 100-200 pm and its length (depending on the
polarity of the surface electrode) is of the order of a millimetre. As long as the magnitude of
air velocity at a particular point of the discharge chamber is the same for both orientations
of airflow, the residence time is influenced only by the dimensions of the microdischarge
channels. The dimensions of the microdischarge channels could be changed due to the
fact that the particles are carried by airflow. Thus, the relative change of the radius of
the microdischarge for the case of parallel airflow with respect to the strip electrode is
greater than the relative change of the length of the microdischarge channel for the case
of perpendicular airflow with respect to the strip electrode.

As shown in Fig. there is no substantial change in applied voltage by the constant
input power as compared with our results published in [22]. It is vital to mention that
we perform our experiment in a lower-applied voltage than in [22], because of the ozone
monitor range. At low speeds and low applied voltage, the filament duration is very
sensitive to the flow conditions and the charge transfer and management. The measured
current contains the current associated with charge transfer and the displacement current
in the gas gap. Complete ignition of the discharge cannot occur at low amplitude of the
applied voltage. The electrical capacity, as well as the phase shift, change due to charge
transfer. This situation is also obvious in Fig. (C.t. [26] in[A.g).
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3.3 Practical outcome for cylindrical ozone generators

Many commercial cylindrical ozonizers use only one air input — radial or axial. We, there-
fore, performed a detailed investigation of various air input effects on ozone synthesis in
SDBD in a cylindrical configuration. Three different air inputs — radial, axial or tangen-
tial — were employed (see [26], [60] in Appendicies and [A.§). We also investigated
the role of changing the number of air input nozzles in the discharge volume from one to
four (see Fig. [3.11f and [3.12)). Furthermore, we also altered the geometry of the active
electrode of the discharge from rings to strips, and finally, the experiments were performed
with two different temperatures of cooling water and in the thermo box: 10°C, and 20°C,
respectively.

Our experiments with both geometries (strips and rings) of the active electrode and all
the air inputs were performed with the same discharge chamber. For both active electrode
geometries, the tenet to keep the width of the active electrode and the distance between
neighbouring strips/rings constant resulted in the different lengths of the strips and rings
active electrode. The number of microdischarges originating from the active electrode
increases with the discharge voltage, but it also depends on the active electrode’s length
[62]. The production of ozone and the number of microdischarges depend on the electrical
parameters of the discharge.

Burning voltage is dependent on the speed and direction of airflow, especially if its
streamline pattern is parallel to the electrode motive. Consequently, the relative change
of radius of the microdischarge channels for the case of parallel airflow with respect to the
ring electrode is also greater than the relative change of the length of the microdischarge
channel for the case of perpendicular airflow with respect to this electrode, which results
in different discharge ozone production (contrary to a strips electrode). Concurrently with
the relative change of radius of the microdischarge channels, the type of discharge burning
in the given channel changes as well.

36



2000

1500

1000

B 4A-10°C - strips
O 4A-20°C - strips
B 1A -10°C - strips
O 1A -20°C - strips

500

Ozone concentration (ppm)

0 T T T T T T
20 30 40 50

Discharge power (W)

Figure 3.11: Ozone concentration for the
strips active electrode, air inputs 1A and
4A and temperatures 10°C (full symbols)
or 20°C (empty symbols).

2000 T T T T T

1500

1000
1R - 10°C - strips
1T - 10°C - strips
1A - 10°C - strips

upe

500

Ozone concentration (ppm)

0 T T T T T
20 30 40 50

Discharge power (W)

Figure 3.13: Ozone concentration versus in-
stantaneous discharge power for the strips
active electrode and one air input nozzle ori-
ented radially (R), axially (A), and tangen-
tially (T).

37

2000 T T T T T

1500

1000

A 4T -10°C - rings
A\ 4T -20°C - rings
B 1A-10°C -rings
O 1A-20°C -rings

500

Ozone concentration (ppm)

30 40 50
Discharge power (W)

Figure 3.12: Ozone concentration for the

rings active electrode, air inputs 1A and 4T

and temperatures 10°C (full symbols) and

20°C (empty symbols).

2000 1 1 1 1 1

1500

1000

A 1T-10°C -rings
® 1R-10°C -rings
B 1A-10°C - rings

500

Ozone concentration (ppm)

0 T T T T T
20 30 40 50

Discharge power (W)

Figure 3.14: Ozone concentration versus in-
stantaneous discharge power for the rings
active electrode and one air input nozzle
oriented radially (R), axially (A), or tan-
gentially (T).



As long as the lengths of the rings and strips active electrode are different, it is im-
possible to compare ozone concentration and the electrical parameters of the discharge for
the strips and rings active electrodes quantitatively (see Figs. [3.11} [3.12} |3.13} and [3.14)).
On the other hand, it is justified to compare quantitatively the effect of the way of air
input (tangential, radial, or axial) through one or four nozzles for the strips or rings active
electrode separately.

In keeping with the conclusion that for optimal ozone generation by dielectric barrier
discharge, the streamlines should be perpendicular to the microdischarges, this fact should
be reflected by the active electrode geometry. We, therefore, proposed two types of com-
parable active electrodes consisting of rings, inclined rings and axial strips (A-type — see
Fig. |3.15[ and B-type — see Fig. |3.16)). Both electrodes have the same total length con-
sisting of all individual segments, but a different proportion of parallel and perpendicular
parts. The electrical capacity was, in both cases, also identical.

N
\ Ng’
P> & N 8

'D zr "BM

A-type.

Figure 3.16: Geometries of the optimized cylindrical active electrode -
B-type.

We monitored the importance of the longitudinal and transverse components of the
flow on the amount of generated ozone. We used the tangential input of the feeding gas
(air) into the cylindrical discharge chamber in order to create helical flow in its annular
volume. Depending on airflow, the helical structure of the flow extends axially along the
length of the discharge tube.

This study has been inspired by the results of numerical modelling of airflow with the
help of COMSOL Multiphysics programme in the annular space in a cylindrical discharge
tube with one tangential input. The following Fig. [3.17 shows the streamlines for airflow
of 5 slm.

To make a proper choice of ozone generator it is necessary to perform a thoroughgoing
analysis of the obtained results. For this purpose, it is important to fall back on the
decisive parameters which turn out to be most useful for the particular applications. For
some applications, these parameters involve the concentration of generated ozone, the mass
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Figure 3.17: COMSOL Multiphysics streamline
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of the ozone produced per unit of time or the mass of the ozone produced per unit of energy.
For other applications, the most important quantity is the ozone production yield, which
spells out the mass of the generated ozone per unit of energy.

In many situations, these quantities are presented as a function of one of the independ-
ent parameters, e.g. concentrations of generated ozone as a function of discharge power.
In our case, we examine generated ozone as a function of two parameters. Thus, we ana-
lyze the mass of the ozone generated per unit of time as a function of airflow through the
discharge chamber and discharge power. The properties of the feeding gas are constant.

Proceeding from Fig. and Fig. [3.19] it can be concluded that at lower feeding gas
flow rates, when the significant effect of the difference between parallel and perpendicular
flow still prevails, but at the same time, when the influence of helical flow at the beginning
of the discharge chamber of the generator is still visible, a higher concentration of generated
ozone can be achieved with an A-type electrode (Fig. than under the same conditions
with a B-type electrode (Fig. [3.19).
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Figure 3.20: Ozone production versus air- Figure 3.21: Ozone production versus air-
flow for the A-type electrode. flow for the B-type electrode.

For A-type electrode, the first local maximum of ozone production occurs at about
5 slm (see Fig. . This situation was simulated by flow in the COMSOL Multiphysics
programme (C. f. with Fig. . For A-type electrode, the geometry of the electrode in
the radial and directionally orientated parts corresponds to the position of the transition
from tangential to axial flow. In this way, all segments of A-type electrode are fully
utilized. Meanwhile, under the same conditions, the radial part of the B-type electrode is
significantly smaller and the local maximum would occur in the part before 1 slm (see Fig.
3.21]).

Finally, Fig. [3.22] shows the difference in ozone production in time between two types
of electrodes (blue area — A-type, red area — B-type). Proceeding from this particular Fig.
3.22] we can conclude that through the appropriate choice of all the electrode segments we
can obtain significantly more of generated ozone per time unit under the same conditions
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Figure 3.22: Difference in ozone production between two types of electrode systems (blue
area - A-type, red area - B-type).

than by the same type B-type electrode. These conclusions are important for practical
outcomes.

The effect of directional airflow in a cylindrical ozone generator with a tangential input
was patented under Czech patent No. 308279, which is available in Appendix

It is crucial to mention that, when feeding gas velocity is increased in a DBD system
(after the disappearance of the effect of longitudinal and transverse flow), photoionization
and photoemission are likely to become the predominant electron production mechanisms
rather than ion or metastable bombardment of the cathode.

The overall schematic shape of the generator chamber is presented in Fig. [3.23] while
the open final ozone generator prototype is shown in [3.24]
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Figure 3.23: Ozone generator with optimized airflow patterns with microdischarge orient-
ation.
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Figure 3.24: Proposal of ozone generator prototype.
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3.4 Summary

We studied the effect of airflow orientation concerning the microdischarges and the impact
of the number of air input nozzles, the direction of the input and output of air on ozone
production, the shape of the electrode motive, and the electrical parameters of the surface
dielectric barrier discharge in a planar and cylindrical configuration. Considerable attention
was devoted to the most commercially available cylindrical ozone generators with one input
dislocated axially, radially or tangentially.

The obtained findings can be summarized as follows:

o

For the maximum effect of the flow on ozone concentration produced by the sur-
face dielectric barrier discharge, the streamlines patterns should be predominantly
oriented perpendicular to the majority of microdischarges.

The streamlines patterns should be uniformly distributed in the discharge chamber
volume. Their distribution can be controlled by the number and orientation of the
input nozzles.

Electrical parameters of the discharge are not so radically affected by air input for a
particular geometry of the active electrode.

Increase of temperature decreases discharge ozone production.

The precise optimization of the interaction between the flow and microdischarges can
help in designing more efficient ozone generators.
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CHAPTER 4

Photocatalytical effect on ozone
generation by SDBD

Plasma-chemical processes occurring in non-equilibrium plasma of DBD are responsible
for the generation of various active species, as well as electromagnetic radiation of various
wavelengths. These discharge products, consisting of photons, electrons, positive and neg-
ative ions, free radicals, atoms, and molecules of gas, as well as electromagnetic radiation
(visible light, photons, and UV) in excited and non-excited states, affect the efficiency of
the aforementioned applications, and the process viability should be maximized in terms
of energy efficiency and product selectivity.

There are several above-mentioned methods designed to boost the efficiency of ozone
generation by DBD. Last but not least, an interesting alternative to these approaches is
to use various catalysts that trigger plasma-catalyst interactions. In our published papers
[24], |25], [63] in Appendices [A.9} [A.10] [A.11] we focused our attention predominantly on
Ti0,, ZnO, and BaTi0O3 photocatalysts.

Heterogeneous catalysts can be combined with nonthermal plasma produced by elec-
trical discharge in two ways: by introducing the catalyst in the discharge zone [64], or
by placing the catalyst behind the discharge zone [65], [66]. In both cases, the catalyst
material can be in the form of coating, powder, granulates, coated fibres, or pellets.

The principle of this reaction, see Fig. consists of the irradiation of the photocata-
lyst by electromagnetic radiation with the energy of photons higher than the forbidden
energy gap. This irradiation can promote electrons from the valance band to the largely
vacant conduction band. Simultaneously, a positive hole with strong oxidizing capability
is formed. Electrons are capable of performing reduction reactions and holes can carry out
oxidation reactions [67]. The chemical structure of the photocatalyst remains unchanged.

In the case of discharges in the presence of photocatalysts, the contribution of the
surface reactions due to the activation of the photocatalysts by UV radiation emitted by
the discharge should be added to the volume reactions.

For the discharges in air, the strongest emissions originate from the second positive
system of nitrogen C®II, — B3II, which emits photons at a wavelength of 337.1 nm.
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Figure 4.1: Basic mechanism of photocatalyst effect.

Thus, when the photocatalyst is illuminated by the UV light of these wavelengths, it
becomes activated and the electron and positive hole can then react with the molecules
in the vicinity of the catalyst. An example of the reaction of an electron with an oxygen
molecule is the formation of the superoxide anion O, :

e+ 0y = O (4.1)

From the equation additional superoxide anions, other active oxygen species, such
as O, O; ", and O, ~, can be generated.

4.1 Most frequently used photocatalyst

The most frequently used photocatalyst for the enhancement of discharge ozone generation
is Ti0y. This photocatalyst is an n-type semiconductor that can exist in several phases:
TiO5 in an anatase phase has a forbidden energy gap of 3.2 eV, Ti0O5 in a rutile phase has
a forbidden energy gap of 3.02 eV, and TiO, in a brookite phase has a forbidden energy
gap of 2.96 eV . The energy gaps of 3.2 eV and 2.96 eV correspond to electromagnetic
radiation of the wavelengths of 387 nm and 414 nm, respectively.

Zinc oxide Zn0O is an n-type semiconductor with an energy gap of 3.37 eV at room tem-
perature . This energy gap corresponds to electromagnetic radiation at a wavelength
of 376 nm.

Barium titanate, BaTiOs, is an electrical insulator in its pure form. However, when
doped with small amounts of metals, it becomes an n-type semiconductor with an en-
ergy gap of 3.3-3.5 eV . This energy gap corresponds to electromagnetic radiation
wavelength of 375-353 nm.
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Tungsten trioxide W03 is an n-type semiconductor with a bandgap of 2.6 eV (highly
crystalline) to 3.3 eV (amorphous) [71]. The corresponding wavelengths are 476 and
374 nm. Moreover, the electrical and optical properties of the W3 can be changed by
adding dopants, including metallic.

In addition to the selection of a suitable type of photocatalyst with an appropriate
width of the forbidden band in relation to the emitted radiation, we also dealt with the
issue involving the position of the photocatalyst in relation to the DBD in [24], [25]. The
wavelengths contributing to the given photocatalysts are shown in Fig.

1500 L : L : L
ZnO
. 376 nm
BaTiO,
353 nm
375 nm
1000 n
374 nm WO3 476 nm
8 Tio, TiO,
c .
S Anatase Brookite
8 500 - 387 nm 414 nm i
\

350 400 450
Wavelength (nm)

Figure 4.2: The surface dielectric barrier discharge spectrum in air for the wavelengths of
330 to 480 nm.

4.2 Photocatalyst adjustment

4.2.0.1 Area of catalyst interaction

To evaluate the photocatalytic activity of the catalysts, we compared the increment in the
ozone concentration produced by the discharge, having placed the photocatalyst in the
discharge chamber, in the first example on a plane parallel plate, and in the second case on

47



the plate with small pyramids compared with the state containing no photocatalyst. For
more detail see [25] in Appendix [A.11]

We concluded that the increment of the discharge ozone production is higher for plate
with pyramids than for plates without pyramids, because of the larger active area with a
photocatalyst. This situation is demonstrated by Fig. and Fig. [4.4]
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Figure 4.3: Ozone concentration versus dis-  Figure 4.4: Ozone concentration versus dis-
charge power for plate with introduced pho-  charge power for plate with pyramides and
tocatalysts. introduced photocatalysts.

4.2.0.2 Effect of TiO;, on various regions of the active electrode

As a second factor affecting the generation of ozone concentration due to the presence of
a photocatalyst, we studied the effect of Ti0O, on various regions of the active electrode
on the electrical parameters of discharge, and on its emission spectra. When investigating
the impact of 7Oy on various regions of the active strip electrode on properties of the
discharge, the T7Oy layer covered either only the strips, the region between the strips, or
the entire active electrode. All these cases are described by the Fig. [4.5]

We observed spectral lines attributed to the first positive system of nitrogen B3IT, —
A3%F and we measured its intensity (see Fig. [4.6]). For this system, the most intense peak
is observed at the wavelength of 336.7 nm. It can be concluded that for all four situations,
the emission spectra contain the same spectral lines, however with varying intensities. It
is seen from Fig. that the highest intensity is obtained for discharge with a layer of
TiO5 on the strip electrode (1988 a.u.); the second highest intensity is gained for discharge
without any 7O on the active electrode (1249 a.u.); this is followed by discharge with a
layer of TiOy between strip electrodes (1013 a.u.); and the smallest intensity is obtained
for discharge with a layer of 7O, on the entire area of the active electrode (807 a.u.).

Finally, covering the strips of the active electrode with a layer of 7705 increases average
discharge current, enhances the intensity of spectral lines, and boosts the concentration
of ozone produced by the discharge. This particular finding has an important practical
impact for the construction of more efficient ozone generators. The concentration of ozone
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produced by the discharge as well as discharge emission is the biggest among all the inves-
tigated cases. Similar results were also obtained in [72] in Appendix where we used a
diamond layer on the mesh active electrode.

Covering the region between the strips of the active electrode with a layer of T70O,
increases average discharge current, decreases the intensity of spectral lines, and reduces
the concentration of ozone produced by the discharge. The average discharge current is
the highest among all the investigated cases. In this example, an important role is played
by the distribution of the electric field. Change of the dielectric constant of the Alumina
plate in the region between the strips of the active electrode also acts on the expansion of
the positive ion cloud in the positive half-period of the driving voltage.

Covering the entire area of the active electrode with a layer of TOs increases average
discharge current. Intensity of the spectral lines, as well as the concentration of ozone
produced by the discharge, are the smallest among all the investigated cases.

The last two cases are close to CDBD with their properties, but the mechanical stability
of the coplanar layer is low and unsuitable for a practical long-term use.
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Figure 4.7: Time dependences of ozone concentrations generated by the discharge without
and with photocatalysts.

4.2.1 Stability of photocatalytic activity

One of the most important parameters in ozone generation by electrical discharges in the
presence of photocatalysts is the stability of photocatalytic activity. However, a compara-
tive study of the catalytic activity and the stability of various catalysts in low-temperature
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plasma produced by the dielectric barrier discharge is still missing. In our paper [63] we
studied various photocatalysts, TiO,, BaTi03, ZnO, and W03, to compare their effects
on ozone generation by the surface dielectric barrier discharge in air. These catalysts were
placed in the discharge chamber in their fixed position (at a distance of 4 mm from the
active electrode). All catalysts were deposited on the inner part of the glass window and
exposed to the active electrode.

Figs. show that in contrast to TiOs, ZnO, and BaT1Os3, the presence of W3 does
not increase the concentration of ozone generated by the discharge. This result can be
explained on the basis of the following considerations. The W O3 behaves as a typical n-type
semiconductor, with a bandgap of 2.6 eV (highly crystalline) to 3.3 eV (amorphous). These
bandgaps correspond to electromagnetic radiation of the wavelengths of 476 and 374 nm,
respectively. In our case, the layer of WOj3 is formed by highly crystalline nanoparticles
of the dimensions of 100200 nm. Consequently, the forbidden bandgap corresponds to
the radiation wavelength of 476 nm. Considering the spectrum emitted by the discharge,
see Fig. [1.2] it is seen that the intensity of radiation of this wavelength is negligibly small
in comparison with the radiation emitted at shorter wavelengths. It can be consequently
concluded that ozone generation processes will not be enhanced by the presence of a W05
layer.

There are only small differences in these concentrations for the following three cata-
lysts, 17104, BaTiO3, ZnO, and for W03, catalyst. On the other hand, the presence of
WOs in the discharge does not affect the concentration of generated ozone compared with
the discharge without catalysts. Approximately the same increase of ozone concentration
produced in the discharge, observed in the presence of Ti0, and ZnO catalysts, concurs
with our earlier results [24], [25].

Finally, the discharge power is given by the discharge voltage and current product.
The presence of photocatalysts for a particular voltage does not substantially affect the
discharge current. For a capacitive load, it also depends on the phase shift between applied
voltage and current. Based on the analysis of the discharge voltage and current waveforms,
we calculated the phase shift for the discharge without and with different photocatalysts.
The dependence of the phase shift versus the effective value of the discharge voltage for
different photocatalysts is shown in Fig. [4.8]

4.3 Summary

o Increase in discharge ozone production is higher for larger exposed area of the catalyst
placed into the discharge chamber.

o Layers of T10O, ZnO, and BaTi0O3 catalysts for particular discharge power increase
the ozone concentration generated by the discharge. There are only small differences
in the effect of these catalysts on ozone concentration.

o Layers of catalysts show no substantial effects on the electrical parameters of the
discharge. It can be concluded that the effect of catalysts on the phase shift between
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voltage and current waveforms can be grouped into two families; the first one involves
the discharge with TiO,, BaTiO3, and ZnO photocatalysts. The second group
comprises cases of the discharge without photocatalyst and with WOs. For each of
these groups, the effect of photocatalysts is the same, but for the discharge without
photocatalyst and the discharge with W03, the phase shift is higher than for the
discharge with 790y, BaT©O3, and ZnO photocatalysts. Thus, we can say that for
our experimental conditions, for the constant discharge voltage, the photocatalysts
have no substantial effect on the effective value of the discharge current, while the
presence of TiOy, ZnO, and BaT'iOs slightly increases discharge power, and also
decreases the phase shift between voltage and current.

o As for the effect of TiO, catalyst on various regions of the strips active electrode,
maximum generated ozone was observed in the case of a T@Os layer covering only
the strips active electrode.

o The concentration of ozone generated by the discharge with individual catalysts and
the discharge without catalyst shows good time stability.
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CHAPTER 5

General conclusions

5.1 Conclusion

In this habilitation thesis, I summarized parts of the work on which I have been collaborat-
ing with my colleagues over the past ten years, a project that sets its sights on contributing
to efficient ozone generation by dielectric barrier discharges.

These are the main results we have achieved:

o We presented a systematic and comprehensive approach to designing ozone genera-
tors that allows for their optimal configuration aimed at maximizing the amount of
generated ozone.

o Based on the study of electrical and non-electrical properties of dielectric barrier
discharges, the possibilities of their further optimization were identified.

o We proposed a numerical method for solving optimal strips (segment) distance of
individual electrode parts, and verified this method experimentally.

o We studied the significance of parallel and perpendicular airflow with respect to
ozone generator’s active electrode parts, with the ultimate goal of maximizing the
generation of ozone.

o We managed to prove that the direction of feeding gas in relation to the direction of
emerging microdischarges is absolutely essential for the amount of ozone generated.

o By combining airflow and dimensions of the different parts of the active electrode, we
are able to determine — for each particular airflow — the optimal length of the rings
part, inclined rings part and strips part of the active electrode in order to ensure the
most efficient discharge ozone production.

o We presented the possibilities of the additional impact of photocatalytic substances
on the amount of generated ozone.
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o With this knowledge, we designed and experimentally verified modifications of cyl-
indrical generators with a single tangential feeding gas inlet that are frequently com-
mercially used.

5.2 Future outlooks

Our research project, concentrated on direct application of ozone and other ionized particles,
is conducive to generating them in a more economical and less energy-intensive manner.
Taking into account the wide range of potential applications of generated ozone (in time
and space), mentioned in the introduction to this habilitation thesis, each and every in-
crease of the efficiency of a generator is concurrent with their use.

It is anticipated that our research of DBDs and their practical applications will be
continued by a team of Ph.D. students, postdoctoral researchers and undergraduates of the
Faculty of Electrical Engineering of the Czech Technical University in Prague, especially in
cooperation with the Department of Physics of the Czech Technical University in Prague
and the Institute of Macromolecular Chemistry of the Academy of Sciences of the Czech
Republic in several integrated spheres of application; at the same time, we would definitely
like to focus on the field of basic research as well.

o Our intention is to centre primarily on non-trivial applications where the optimized
parameter affecting the nature of DBD concurrently constitutes the quantity exert-
ing significant impact in the process of application itself. A case in point may be
application of DBD under extremely high or low temperatures, in the presence of
increased relative humidity or environment of specific gases.

o We plan to use the fundamental results achieved during our investigation of ozone
generation in what is a joint research already in progress, which is focused on the
Sabatier reaction offering promising production of methane that can be used for
energy purposes during the catalytic processing of the continuously increasing world-
wide concentration of carbon dioxide.

o As for extremely low temperatures, we plan to study the application and primarily
the behaviour of DBD in removing ice deposits on aircraft wings — hence we strive to
solve combined tasks integrating such factors as flow and temperature as well as direct
impact of relative humidity, or rather presence of water in the discharge. DBD is
considerably sensitive to changes of all the mentioned quantities (flow, temperature,
humidity and concentration).

o Judging by experience, materials research now figures — and is bound to figure more
and more prominently in the future — as a major additional boost of the efficiency
of appliances and devices operating on the DBD principles. Using materials for elec-
trodes that resist strong oxidation processes and other degrading effects, represented
by strong electric fields and heat stress, can offer us good prospects not only for
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prolonging the service life of designed equipment but also for boosting the generation
of ionized particles and ozone.

The last — but in no case negligible — research direction we seek to promote is incorpo-
ration of experimentally obtained results into more sophisticated numerical models,
better suited to reflect the real processes occurring during the formation of DBD, but
also models incorporating into their solutions — at higher electrical voltages and ve-
locities of feeding gases — the prevailing effects of photoionization and photoemission
mechanisms.
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1 | INTRODUCTION

Prototyping of functional samples, molds, preparatory
items and other developmental kits represents only a
preproduction stage; but it is primarily in the domain of
scientific development and research where it constitutes a

| Stanislav Pekarek®

| Oleg Babéenko'® | Ondiej Hanus'

| Pavla Stenclova®

Abstract

In this study, we focus our attention on the impact of ozone (O3) and ultraviolet
radiation (UV) on materials usable for three-dimensional (3D) printing.
Specifically, we have studied the potential degradative effect on the most
commonly used filaments, such as polylactic acid (PLA) and acrylonitrile-bu-
tadiene-styrene (ABS). The effect has been examined on objects printed on a 3D
printer and on the materials of discharge chambers of O; generators from which
they were printed. For the purpose of adequate assessment of the actual impact
of O; and UV, samples were monitored for a period of 18-hr of exposure. The
methods of Raman spectroscopy, optical and scanning electron microscopy and
Fourier-transform infrared spectroscopy (FTIR) have been employed for an
objective evaluation of potential modifications. A generator equipped with a
chamber printed from a new PLA filament and an active electrode system
in the form of a stripes electrode, or more precisely, in the second case, a
honeycomb-active electrode, both cut out of a thin copper foil, was used
for the generation of O; and UV radiation. The tested materials showed

substantial resistance to O

0, and UV exposure

exposure under the test condi-

tions. The result of measure- 28 ‘ 25

N\ e \ \|
ments suggested that these gl D D i
materials could be used for :

" e i
Detailed ation
after exposure

Detail of 3D printed object
before exposure

Chambers of the generator
printed on a 3D printer

chambers for the O; as well as

- - B Process of 0, and UV treatment of ABS and PLA polymers
for active particle generation.

KEYWORDS
3D printing, ABS, dielectric barrier discharge, ozone, PLA, plasma treatment, surface modification,
UV radiation

highly time-consuming and costly aspect of the process of
preparing the resultant product itself. Three-dimensional
(3D) printing provides a seemingly secure option for
facilitation, which is, however, complicated by three
fundamental factors that have to be complied with to
attain the desired result. These include: (a) suitable 3D

Plasma Process Polym. 2020;17:¢1900150
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printer, (b) suitably selected printing filament, (c)
specialist experience of 3D printing (including not only
the knowledge of suitable printing procedure but also
correct choice of parameters for the given application).
Over the past decade, 3D printing of plastics has made
wide-ranging progress conducive to promoting its prac-
tical application in medicine,"* chemistry,® food
industry,[4] electronics,[s] printing of medicaments,[ﬁ] as
well as medical aids and expedients,!”®! specifically
shaped for the given purposes, while also playing no
small part in the arts'® and culture.!'” Seen from a long-
term perspective, it is evident that the state-of-the-art
technical plastics polylactic acid (PLA), acrylonitrile-bu-
tadiene-styrene (ABS), polyethylene terephthalate, poly-
vinylalcohol, and so forth, have been capturing growing
attention in engineering and scientific applications. A
primary role in this development trend has been played by
the FFF/FDM (fused filament fabrication/fused deposi-
tion modeling) technology of 3D printing, whose rapid
development has set a benchmark for the present-day
plastics industry, and grown to be a major competitor not
only for machining but also for pressing and extruding
plastic parts into molds. In addition to what are seen as
highly positive aspects—which have been, quite undoubt-
edly, enhanced by the thoroughgoing research and
development in printable materials!'—we may also
identify a great many unresolved and technologically
controversial properties of the resultant printed objects.
These include their fragility, porosity, deformation and
especially their different chemical resistance and stability,
degradability in the passage of time and frequent, hardly
predictable other properties manifesting themselves, for
instance, in contact with reacting agents or when exposed
to specific environmental factors (temperature, pressure,
ultraviolet [UV] radiation) and so forth. The actual
development of printing machines, selection of most
suitable filaments as well as choice of procedures
pertaining to 3D printing, have not yet come to an end.
According to Fattahi,l'?! the properties of the individual
types of filaments and their behavior in a specific
environment are often objectively evaluated, but the
degrees of resistance of the finished printed products for
specific applications have been examined less fre-
quently."*'* In our study, we have examined the
usability of 3D printing and print materials for chambers
of generators of active particles, produced by means of a
dielectric barrier discharge, and scrutinized the impact of
the concentration of ozone (O3) and emitted UV radiation
on their surface modifications, or—to be more precise—
on the influence of the key parameters of a thus printed
chamber. Since the development and implementation of
these materials in practical usage is known to proceed
very rapidly, the new materials themselves manage to be

tested for industrial applications only very rarely. The
fundamental, hitherto commonly used 3D printing
materials include the following. ABS,™! to date, is one
of the most frequently used materials in 3D printing. It is
noted for good thermal resistance and is relatively cheap.
Actually, it is a very stable plastic, displaying a high degree
of tensile stress. ABS is capable of resisting temperatures
of up to 100°C without great losses in strength. Its printing
temperature is around 250°C. However, a major dis-
advantage is its thermal expansion: in comparison with
other materials used, ABS comes out as the worst in this
respect. It is exactly this particular property that causes
deformation of objects during printing and, therefore,
requires a heated pad for 3D printers. The second, and in
ecological terms much more prioritized, material is PLA
(polylactic acid).*®! PLA material is most likely the only
one made of corn starch and thus biodegrades within a
matter of months. In 3D printing, this material is
considerably widespread, primarily due to its very low
dilatability, which is so low that in most instances, no
heated pad under 3D printer is needed for printing. In
practical terms, PLA is the only one that can be used for
printing large objects, over 20 cm in size. Its disadvantage
lies in its fragility: printed objects can be used to the
maximum temperature of 60°C, but then the material
tends to plasticize. PLA filament is known for its
enormous advantage in ecological properties, and is often
utilized in the textile industry. It is biodegradable and
even compostable. These properties, in particular, have
caught our attention, most of all in view of PLA’s potential
resistance to enhanced concentrations of O; and UV
radiation. To date, special attention in scientific literature
has been granted only to the impact of O; and UV
radiation on the printing filament alone, but rarely on the
constructions printed from the filaments themselves. An
overview of the basic physical-chemical properties of PLA
filaments is contained in the article of Tsuji.'® The life
cycle of the production, disposal and eventual recycling of
PLA isstudied in the work of Groot and Borén.!'”! Other
studies dealing with the degradation of PLA may be
found, for instance, in the work of Qi et al.'®! PLA and
ABS monomer structures and physical and technological
properties can be found in the works of Wypych.!**2°!

With regard to increasing interest to 3D printing
technology our research was focused on its applicability to
O3 chamber generator fabrication. In this case, the ability of
employed material to sustain combined exposure of O; and
UV radiation (other species) produced by dielectric barrier
discharge for long time is crucial. Our selection of PLA and
ABS filaments was limited to these two samples of printable
plastic materials due to the need to highlight items
representing biodegradable filament and filaments nonbio-
degradable in nature.
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2 | DEGRADATION OF
POLYMERS BY O; AND UV
IRRADIATION

O; plays a significant role in the stability of polymer
materials. Both O; and UV radiation rapidly damage
unprotected polymers, which, in turn, may considerably
shorten their lifetime. Especially, highly unsaturated
polymers (i.e., rubbers) are known to suffer a great deal of
degradation by O; since their double bonds easily react
with O;. O; also reacts with saturated polymers, but
markedly more slowly. O; reacting with double bonds
causes chain cracking. The general mechanism of
degradation by O3 is shown below in Figure 1.

It has been reported that UV radiation, O; and other
oxygen related species may oxidize the polymer’s surface
and shorten their lifetime. According to Ramani and
Ranganathaiah,®?! Koo and Jang,'**! and Eren et al.,[**!
the intensity of UV radiation and the longer time of its
impact lead to PLA gradual photo-oxidation of the
surface, which further results in visible surface deforma-
tion. The longer effect of the concentration of O3, atomic
oxygen and UV radiation results in the disintegration of
ester bonds, with PLA samples becoming hydrophilic.!*!
As far as ABS is concerned, Ramani et al.[?! single out its
medium-high resistance to UV radiation.

3 | EXPERIMENTAL SETUP

The experimental setup consists of generator of active
particles, O; and UV radiation, diagnostication, and
adjustment of electric parameters (voltage regulation,
frequency regulation, electrical input analysis) and
measurement and regulation of nonelectrical quantities
(air flow through chamber, measurement of O3 concen-
tration, temperature, pressure, relative humidity and UV
sensor and monitor).

The experimental setup used in our study is depicted
in Figure 2. Its central section is formed by a chamber
printed on a 3D printer from PLA material and mounted
with two types of active electrode systems. In both cases,
there were electrodes made of copper foil, 0.035-mm
thick, manufactured by ELCHEMCo, and covered on one
side by electrode acrylic glue with a very low resistivity of
up to 107! Ohm/square. Copper foil was selected despite
its higher mechanical degradability in contact with
reaction agents, primarily because of its easy machining
and yet sufficient lifetime for short-term experiments.
Cutting plotter Cricut Maker was used for cutting foil
matrix. In the first case, the resultant active electrode
system comprised thin, 1-mm stripes, which were 3-mm
far from one another; on both ends, they were
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FIGURE 1 Mechanism of polymer degradation by ozone*!!
conductively connected in parallel. The active electrode
system thus created was glued by conductive glue to an
alumina plate, 0.635-mm thick. The structural layout of
the active electrode system is shown in Figure 3a. The
second case involves a honeycomb-active electrode
system. This configuration is depicted in Figure 3b.

Figure 4a,b shows a dielectric barrier discharge for
parameters further constantly maintained in the experi-
ment in both types of electrodes.

The dimensions of the generator chamber were
122X 122X 18 mm and are shown in Figures 5 and 6; a
groove for inserting a high-purity alumina plate with the
dimensions of 108 X 108 X 0.635 mm was printed in the
central part. This plate contains 96% ALO;, has a
dielectric constant for 1 MHz of 9.6 and an electric
strength of 14 kV/mm; and the heat conductivity for the
temperature of 25°C totals 24 W/m-K. A lining with the
dimensions of 80X 70 mm was printed in the upper
section of the chamber of the O; generator; a window,
made of translucent PMMA (poly(methyl methacrylate)),
was inserted and sealed into the lining. Silicon cement
produced by the Ceys company, suitable for methacrylate
and polycarbonate, was used for sealing. Discharge space
was created in the part of the chamber, marked off by the
translucent window and alumina plate with an overall
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FIGURE 2 Experimental setup
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FIGURE 3 Structural layout of the
active electrodes
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FIGURE 4 Discharge with stripes-active electrode (a) Pay =9.3 W, Vipax = 3.2 KV, f=4kHz, Q,;; = 6 slm and honeycomb-active

electrode (b) P,y =153 W, Vi =4kV, f =4kHz, Q. =6slm

(a) Upper

(b) Bottom

FIGURE 5 View of the upper and bottom section of flat chamber of the generator printed on a 3D (three-dimensional) printer

height of 6.5 mm. A lining with the dimensions of
90 X 80 mm was printed in the bottom (opposite) side of
the chamber for the insertion of a brass cooler, whose
water circulation was secured by means of a small
circulating pump with a water passage of 2 L/min. The
geometry of the configuration milled into the brass block
of the cooler is indicated in Figure 7a,b. The brass
cooler was separated from the alumina plate by means
of a heat-conducting, electrically nonconductive pad

manufactured by the company ARCTIC Thermal, with
its matrix measuring 145 x 145X 1 mm; it is made of a
silicon-based material with a thermal conductivity of
6.0 W/m-K, a specific weight of 3.2g/cm’, a range of
operating temperatures from —40 to 200°C, an electric
strength of 12 kV/mm and an ultimate tensile strength of
245kPa. Two openings, shaped as suction inlets, were
printed inside the chamber into its left and right sides,
filling up most of the space of the shorter wall of the
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FIGURE 6 Cross-section of flat chamber of the generator
printed on a 3D (three-dimensional) printer on the spot of the
suction inlet

discharge space. A small opening was made on the left
side for optical fiber of the Neoptix thermometer ReFlex 4
(T), which was sealed into the chamber wall by silicon
cement. The grounded electrode, made of a copper foil
with the dimensions of 80 X 90 X 0.035 mm, was glued to
the bottom side of the alumina plate and was identical for
both variants of the active electrode systems; viewed in a
ground plan, it overhung on each side by 0.5 mm. The
overall capacitance of the configuration setup with a
stripes-active electrode was 202.4 pF and in the second
variant, with a honeycomb-active electrode, it was
202.8 pF.

An active electrode was connected to an AC high-
voltage power supply system. This system consisted of a
function/arbitrary waveform generator DG 1022, a wide-
band AC power amplifier AL-600-HF-A (output power
600 W, frequency response from 20 Hz to 800 kHz) and a
high-frequency high-voltage transformer AL-T1000.5
(peak voltage 10 kV, output power 1,000 W and frequency
response from 4 to 12kHz). Discharge was driven by
sinusoidal voltage. The electrical parameters of discharge
were registered by the four-channel oscilloscope R&S
RTB2004 (350 MHz; 2.5 GSa/s) offering the option of
storing and processing time behavior of voltage and
current in a CSV file. The discharge voltage signal was
sampled and recorded on the first channel of this
oscilloscope with a high-voltage probe (HVP-28HF,

AND POLYMERS

division ratio 1,000/1, frequency up to 200 MHz; Pintek).
To determine the discharge current, we used a signal
obtained from a Pearson current monitor (model 2877)
with a bandwidth of up to 200 MHz. The voltage and
current values were integrated via signal period and the
mean power input into discharge was calculated and
tentatively compared with the value gained by the power
analyzer R&S HMC8015. The concentration of O; at the
output of the discharge chamber was measured by the
absorption of a 254 nm UV spectral line with an API 450
ozone monitor. The accuracy of O; concentration mea-
surements was +0.5%. The intensity of the UV radiation
emitted by discharge was measured by an AccuMAX UV
monitor, measured from the side of the active electrode.
UV radiation was measured in a wavelength range from
320 to 420nm by an XS-365 sensor with a diameter of
21.6 mm and intensity range of 0-100 mW/cm?. The peak
values of the emitted discharge radiation were measured
63.5 mm above the surface of the alumina plate. Air for the
discharge was supplied by an oil-free compressor through
a moisture trap (MT) and a mass flow controller (MFC).
The relative humidity of the input air was measured by a
sensor (RH) and the pressure in the discharge chamber
was measured by a digital manometer (P). The air
temperature in the discharge volume was measured by
an optical fiber thermometer, Neoptix (T).

4 | EXPERIMENTAL METHODS

41 | Printing properties

After a series of tests, which eventually provided the final
results of this study, a chamber of the O; generator was
fabricated from PLA material. The chamber was designed
in the Open SCAD software. The specific geometry of the
generator chamber is shown in Figures 5 and 6. Using the
SCAD software, a Standard Tessellation Language (STL)
file was prepared and employed to generate a G-code
usable for the specific printer with the help of the Slic3r

FIGURE 7 Upper side of cooler with
a heat-conducting pad and its inner layout

(a) Upper

(b) Inner layout
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program. Printing itself was performed on the RebeliX
printer for PLA and on the Prtsa i3 mk3 printer for ABS.
As part of printing preparation, the generator chamber
was designed with adjustable parameters, reflecting the
shapes and sizes of other available components (ceramic
plate, cooler, inner space of discharge chamber, etc.). The
infill density of printing was set to 100% to inhibit leaks of
the medium from a chamber. Even though it is
impossible to guarantee perfect tightness of the compo-
nents printed on a 3D printer, no O3 leaks were observed
during measurements.

4.2 | Preparation of experimental plates

The experimental plates measuring 80 X 70 X 4 mm were
printed for both investigated materials. Photographs in
Figure 8a-d show the infill of the pyramid-shaped print
cavity at 15%, covered by four mutually overlapping
layers printed at an angle of 60°. Plates were placed into a
window in the chamber instead of the Plexiglass

(a) Cross section

|
I
|

|
|

(c) old PLA

(d) ABS

(see Figure 2) during the experiments. The distance
between the plate and the active electrode is 6.5 mm.

4.3 | Source of O; and UV radiation on
the basis of dielectric barrier discharge

Exposure of the testing sample was performed with the
help of two sources of O; and UV radiation. The first
chamber of the active particles, O; and UV radiation
generator was made up of a dielectric plate with a stripes-
active electrode, manufactured from a copper foil. In the
second case, a honeycomb-active electrode made of the
same copper foil was used. In both instances, an active
electrode system was placed into a printed PLA config-
uration, thus constituting the backbone of the entire
generator of active particles, O; and UV radiation.

An air flow of Q. =6slm, a frequency of feeding
sinusoidal voltage of 4 kHz and temperature in the range
of 29.5-32.5°C were maintained for all measurements. In
case of the stripes-active electrode, the average O;

[ = —eiiaoamasallaES S
(b) new PLA

FIGURE 8 Experimental plates.
ABS, acrylonitrile-butadiene-styrene;
PLA, polylactic acid
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surface while the formed drop is captured by a digital

camera. The WCA is calculated by the SEE software
using a multipoint fitting of the drop profile and tangent

FTIR in the attenuated total reflection (ATR) regime
was realized using a Nicolet iS50 spectrometer (Thermo
Scientific, Nicolet) equipped with a single-bounced
diamond ATR crystal, KBr beam splitter, and DLSTGS
detector. The optical absorbance was calculated in

MIKES ET AL.
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FIGURE 9 Time dependence of ozone concentration for 18 hr
for both electrode configurations

concentration was 936 ppm (see Figure 9), the maximum
intensity of UV radiation was 3,400 uW/cm® and the
average discharge power was 9.3 W at Vi, =3.2kV.

In the second instance, featuring an active electrode
system with a honeycomb-active electrode, the average O;
concentration was 1,463 ppm (see Figure 9), and the
maximum intensity of UV radiation was 5,273 uW/cm? and
average discharge power was 15.3 W at V., =4.0 kV.

4.4 | Material analysis

Material analyses were performed on the testing plates
made of PLA and ABS materials, with two types in case
of PLA: one brand-new material, unpacked from a
vacuum packaging (new PLA), and a second one, which
had been stored for more than a year under unstable
conditions that were hard to define (fluctuating impact of
temperature, humidity, dust, etc.; old PLA). A size of
80 x 70 mm and thickness of 4 mm was selected as the
uniform testing module. The plates thus printed
were placed instead of the upper cover of the chamber
of active particles, O; and UV radiation generator.
Modules were printed as lightened, structurally filled
bodies (hence comprising a share of air and water
vapors). The testing stage was performed with the help of
three separated methods.

Scanning electron microscopy (SEM), water contact
angle (WCA) measurements, and Fourier-transform
infrared spectroscopy (FTIR) were carried out in the
Institute of Physics of the Czech Academy of Sciences.
The SEM analysis was done by means of the electron
microscope MAIA3, manufactured by Tescan company.

The changes in surface wettability of tested plates
were identified by the static water drop contact angle
measurements. The WCA was evaluated from the drop-
on-surface profile by reflection goniometry using the
Surface Energy Evaluation (SEE) System (developed by
Masaryk University, Brno, Czech Republic). Briefly, the
3uL drop of deionized water is placed on the plate’s

standard absorbance units as A = —log(R/R,), where R
is the spectrum of the analyzed material, and R, is the
reference (background) spectrum of the diamond crystal.
In all cases, the spectra represent an average of 128 scans
recorded with a resolution of 4 cm™. Published spectra
are an average from six independently measured spots on
polymer plates. The area 2,000-2,750 cm ™" is omitted in
the spectra due to the intrinsic absorption of diamond
crystal material.

Optical microcopy and Raman spectroscopy were
performed at the Faculty of Electrical Engineering, Czech
Technical University in Prague, by means of the alpha
300RAS confocal microscope, manufactured by WITec
company. The microscope is equipped with a set of
objectives offering x10, %20, x50 and X100 magnifica-
tions and a digital camera for image capturing. All the
Raman spectra were measured by an Ultra High
Throughput Spectrometer 300 using a laser beam of
532nm wavelength, a microscopic objective with x100
magnification and numerical aperture 0.9, and a
1,800 g/mm grid. The Raman spectra of both PLA plates
(new and degraded by the passage of time) were
measured at the laser output of 10 mW. The Raman
spectra of the ABS plate were measured at a laser power
of 2 mW.

5 | RESULTS - O; AND UV
TESTING

51 | Surface microscopy

The fabricated plates are macroscopic objects and the
current study was focused on their ability to sustain the
long-term exposure of enhanced O; concentrations and
UV radiation. It is known that both these agents can
cause degradation of organic materials while tested
plates’ materials are proposed to be used for 3D printed
chambers. Therefore, the plates’material instability will
be the main indication of mechanical demage or sealing
deterioration risks. First of all, it needs to be mentioned
that after the combined O; and UV exposure, the surface
of the tested plates changes its character from hydro-
phobic with measured water contact angles around
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75° (PLA) and 83° (ABS) to hydrophilic with the
measured water contact angles around 30° (PLA) and
25° (ABS). This is in agreement with the observation of
wang et al.l® and Eren et al.l**! and is related to the
general effect of oxygen plasma species on polymers.
However, the wettability itself is not able to provide
information about the surface structure. Therefore, the
morphology of fabricated plates was investigated by the

(@) (b)

©@ (h)

combining of SEM at low magnifications and optical
microscopy.

The SEM images of the sample surface before and
after the O; and UV exposure are summarized in Figure
10. The SEM images of the plates’ surface are in
agreement with the sample photographs in Figure 8
and demonstrate that the fabricated plates are composed
of well-stuck stripes. Upon comparing the PLA and

(c)

FIGURE 10 The scanning electron microscopy (SEM) images of analyzed plates made of new polylactic acid (PLA) before (a) and after

(b,c) discharge treatment; old PLA before (d) and after (e,f) discharge treatment; acrylonitrile-butadiene-styrene before (g) and after (h,i)

discharge treatment
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ABS-made plates, it can be seen that PLA plates are more
compact with narrow V-like valleys between the printed
stripes. In contrast, deep valleys with wide spacing in the
top part between stripes are observed for the ABS plates.
Although, the ABS stripes are, in general, stuck together
in the bottom part, the fractures between separate stripes
were observed at a few places. This can negatively affect
the sealing of the chamber and needs to be taken into
consideration.

Comparing the SEM images before and after the O;
and UV exposure, we observe formation of bubble-like
features on some areas of PLA plates, whereas the ABS-
made plates seems to not change their morphology.
Unfortunately, the high sensitivity of both employed
materials on electron beam (charging effect and degrada-
tion at high magnifications) prohibit more detailed
surface analysis by the SEM. Therefore, optical micro-
scopy was used as the nondestructive technique for
plates’ surface investigation. The examples of related
SEM optical images captured on all plates are shown in
Figure 11, while more detailed analysis was performed at
higher magnification with changing of focus/microscope
depth position.

(@) (b)
[ ?"
¢
(d)
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As it can be seen from Figures 10 and 11, both PLA-
made plates demonstrate increase of surface inhomo-
geneity after O; and UV exposure. In both cases, areas
with a smooth surface and with formed bubble-like
features on the surface were observed within one plate.
Here, it should be noted that printed stripes for the plate
made of new PLA initially contained less “cavities” than
that of old PLA, and after the O; and UV exposure, the
major part of its surface remained flat. In contrast, for the
sample made of old PLA, which initially demonstrated a
higher amount of cavities on printed stripes after the
discharge treatment, the dominant area is the one with
"flattened” bubble-like features. In case of both PLA, no
fractures between stripes were observed by SEM and
optical microscopy. It indicates that O; and UV exposure
affects only the plates’ surface, keeping its bulk structure
intact. The last, but not the least thing to be mentioned, is
that at higher optical microscope magnification, the
observed PLA bubbles behave in the same way as other
plate areas, that is, they are transparent enough for the
laser beam of the Raman setup. Although the height of
these features is lower than the observed PLA stripes
surface inhomogeneities, they can be an indication of

(€)

FIGURE 11 The optical images captured on plates made of new polylactic acid (PLA) before (a) and after (b,c) discharge treatment; old
PLA before (d) and after (e,f) discharge treatment; acrylonitrile-butadiene-styrene before (g) and after (h,i) discharge treatment
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PLA surface etching.!®?* In spite of this etching, no

evident mechanical degradation of 4 mm thick plates was
observed. Thus, we propose that both PLA-made plates
sustained the O; and UV exposure within the testing
period with partial surface morphology changes only. In
contrast, Oz and UV exposure seems to have a negligible
effect on the ABS plate. The morphology and micro-
structure of ABS-made plates remained almost the same,
which resemble better material stability during the
discharge treatment compared to PLA plates. However,
the scratches observed by optical microscopy indicate the
high softness of the ABS plates. The width of the seen
ABS stripes in Figures 11g-i depends on the width of the
stripes’ top parts, which were in the focus of the
microscope and are in agreement with SEM images
Figures 10g-i.

52 |

The Raman spectra of both PLA plates after the
background subtraction in Figure 12 were found to be

Raman spectra analysis

very similar. The dominant bands observed in the
fingerprint region from 840 to 1,840 cm™" correspond to
those reported in literature: C-COO-stretching (the
strongest band at 874cm™"), CH; asymmetric deforma-
tion (intensive band at 1,455cm™") and C=O-stretching
(band centered around 1,771 cm™~! with shoulder towards
lower wavenumbers).?*28! Here, it should be noted that
the wide shoulder of C=O-stretching (band centered
around 1,771 cm™") may be an indication of partial PLA
crystallization that is resembled by the band splitting
(evidence of band around 1,753 cm~! in current
case).l*>2%2] The other bands, assigned to C-CHj-
stretching (band at 1,046 cm™'1252628)) " C_O-C-stretch-
ing,*>?%! and/or CH; out-of-plane deformation®®! (band
around 1,095 cm_l), CH;-bending modes (bands at 1,129
and 1,386 cm™1),>>2028] CH in-plane and out-of-plane
bending (bands around 1,300 and 1,357cm™ Y, respec-
tively),!>?°! were also resolvable. In addition to the
above-mentioned bands, the spectra of old PLA plates
demonstrate very weak bands around 1,184 and
1,222cm™", which were assigned to the ester group
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FIGURE 12 The corrected Raman
shift spectra collected on plates made of
new polylactic acid (PLA) before (a) and
after (b) ozone and ultraviolet (UV)
exposure; old PLA before (c) and after (d)
ozone and UV exposure;
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Wavenumber [cm™']

1000 1200 1400 1600 1800
Wavenumber [cm™]

acrylonitrile-butadiene-styrene before (e)
and after (f) ozone and UV exposure
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stretching,!*>%! with possible contribution of CH out-of-

plane deformation®®! and weak bands around 1,568 and
1,615 cm™ " that are not reported to be typical for the PLA
spectrum. They can be attributed to CC vibrations of the
aromatic ring chain,'*”! which indicate some kind of PLA
filament contamination during the storing. This assump-
tion seems to be true, because after the old PLA plates’ O;
and UV exposure processing, these bands (around 1,568
and 1,614 cm™") are significantly suppressed. The other
bands, including C-H-stretching modes of CH; and CH,
groups (bands in the 2,800-3,100 cm™* range)!?*?*! seen
in the wide spectra (not shown), were not changed or
changes were below the detection limit.

In contrast to PLA plates, it was found that radiation
of ABS with a laser beam at power 10 mW caused fast
plate degradation/damage observable by a microscope.
Moreover, the fluorescent background of the as-mea-
sured spectra on ABS plates was significantly stronger.
Therefore, in the case of ABS, the spectra were collected
with a laser power 2mW. The lower power was
compensated by the longer integration time of spectra
accumulation. The bands observed in the fingerprint
region from 840 to 1,840 cm™! were attributed to those
reported in literature: benzene ring-breathing mode
(intensive and relatively narrow band at 1,002 cm_l),
C-H in-plane vibration of benzene (band at 1,032cm™")
and C-C-stretching vibration modes of benzene (bands at
1,583cm™! and at 1,602cm™), all characteristic for
styrene.[**3! Besides, the bands related to out-of-plane
(1,156 cm™") and in-plane (1,183 cm™") deformations of
the C-H bond of the benzene ring, C-C-stretching
vibration (band centered around 1,200 cm™') and weak
band (around 1,452 cm™%) of CH, vibration with shoulder
(centered around 1,440 cm ™) related to C-C asymmetric
stretching were observable.**! By contrast, the band
characteristic for C=C-stretching vibration of butadiene

(@)

AND POLYMERS

(to be at 1,668 cm™!) was not observed.**3!! Here, it also
should be noted that in the measured wide spectrum (not
shown), there was no evidence of the characteristic of
acrylonitrile C = N-stretching (to be at 2,242 cm™"),13%:31
whereas CH, and =C-H-stretching vibrations (bands in
the 2,800-3,100 cm™! range) were clearly seen. Whilst,
this absence of the acrylonitrile band can be attributed to
the presence of colouring additives in the used ABS, that
can alter Raman spectra significantly,!®! the additional
absence of characteristic butadiene band indicates the
dominance of polystyrene component in the used ABS.
The Raman shift measurements on ABS-made plates
after the O; and UV radiation treatment are in good
agreement with SEM and optical images and demonstrate
no evident change in the spectrum.

53 |

The FTIR spectra of both old and new PLA before
treatment revealed very similar spectra characteristics
(see Figure 13).

The strong band at 1,750 cm™! is related to the C=0-
stretching.!*?! This band is obviously a combination of
several bands related to the various crystalline modifica-
tions of the PLA polymer.!*3! Other oxygen-related bands
are centered at 1,265 (combination of CH;-bending and
C-O stretch!®!), 1,180 (asym C-O-C stretch!®?), and
1,080 cm ™! (sym C-O-C stretch).[**! Other spectral bands
are related to various stretching and bending vibrations
of CHy group, namely, 1,452 (CH3-bending[34]), 1,381
(CH-bending®*)), 1,360 (CH-bending!®*'), 1,130 (CH;-
rocking[34]), 1,044 (C—CH3-stretching[34]) and 957cm™"
(skeletal band®*)). The bands centered at 867 and
754cm™' are somehow related to amorphous and
crystalline phase within PLA material.!”*®! Contrary to
new PLA, the spectra of old PLA contained additional

FTIR spectra analysis

(b)

o ——new PLA before
3 ——new PLA after

Absorbance [a.u.]

800 1000 1200 1400 1600 1800
Wavenumber [cm™]

3000 3600

S —— old PLA before
S ——old PLA after

Absorbance [a.u.]

800 1000 1200 1400 1600 1800
Wavenumber [cm™]

3000 3600

FIGURE 13 ATR-FTIR spectra of (a) new PLA; (b) old PLA before and after ozone and ultraviolet exposure. ATR, attenuated total
reflection; FTIR, Fourier-transform infrared spectroscopy; PLA, polylactic acid
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bands at 1,303 (CH, deformation! or CH-bending
mode!®®!) and 980cm™'. Since the spectra transcribe,
besides CH;-stretching vibrations, traces of other CHy-
stretching vibrations as well, we suppose, that the bands
at 1,303 and 980 cm ™" might be somehow connected with
a small contamination of old PLA plates by some
hydrocarbons.

Comparison of the FTIR spectra of PLA (both new and
old) plates before and after O; treatment revealed an
additional broad band at 1,645 cm ™ (1,628 cm™" resp.) of
medium intensity. This band can be attributed to the
C=C double bond®****! or a bending vibration of the -OH
group.*?! Both effects could be possibly induced by PLA
treatment. From the intensity of the band, as well as the
same position and intensity of other bands, we can
assume that the material did not undergo dramatic
changes in its quality. With respect to the penetration
depth of the evanescent wave probing the material in
ATR spectroscopy, the mentioned changes are more or
less related to changes in the material surface.!>

The FTIR spectra of the ABS copolymer (see Figure
14) revealed a strong band at 695 cm ™" related to the out-
of plane C-H vibration of the styrene aromatic ring.*®
Signals of medium intensity are localized at 1,492
(aromatic ring of styrene!®*37)) 1,451 (CH, scissoring
mode!®®), 749 (CH deformation) and 538 cm™'. Besides
that, the FTIR spectra contain a number of weak signals.
Signals common to both untreated and treated ABS are
found at, for example, 1,601 (styrene aromatic ring[38]),
964 (C=CH deformation of polybutadiene®”!) and
907 cm™! (CH deformation®). A few more signal of
weak intensity are also found solely in the spectra of ABS
after treatment, namely 1,726 (C=0 stretch[zg]), 1,629
(C=C stretch®") and 1,276 cm™™.

The later-mentioned signals could be attributed to
changes in the material surface by the O; and/or UV
treatment. It is worth mentioning here that we did not
observe a characteristic C = N-stretching of the nitrile
group in the FTIR spectra of ABS. It is unlikely, but the
absence of this band can be caused by the usage of
diamond crystal for ATR spectroscopy, where intrinsic
diamond crystal absorption manifests itself in the area of
our interest concerning the C = N group.

5.4 | Material analysis summary

The observations of materials analysis are summarized as
follows. The plates made of PLA (either vacuum packed or
stored at ambient conditions) demonstrate better individual
stripes sticking (with narrow valleys between them) than
ABS-made plates. Although the top part of stripes in case of
ABS plates is more flat and homogeneous than the stripes
of PLA plates, the deep valleys between ABS stripes lead to

—— ABS before
—— ABS after

695

538

Absorbance [a.u.]
749

400 ' 6(‘)0 ' 8(‘)0 "I0‘00’12‘00’14‘00’16‘0‘0’18‘00
Wavenumber [cm™]

3000 3500 4000

FIGURE 14 ATR-FTIR spectra of ABS polymer before and
after ozone and ultraviolet exposure. ABS, acrylonitrile-
butadiene-styrene; ATR, attenuated total reflection; FTIR, Fourier-
transform infrared spectroscopy

fractures at some places that can negatively affect the
overall chamber sealing. Moreover, the observed top ABS
stripes’ surface has numerous scratches, indicating higher
softness of used material, whereas no scratches were
evidenced on the surface of PLA plates. The 18-hr
combination of O exposure and UV radiation resulted in
bubble-like features formation and partial surface mor-
phology modification in case of PLA-made plates; however,
the plates remained without fractures between stripes. For
the plate made of ABS, no or negligible morphology change
after the O; and UV exposure was observed. The Raman
shift measurements before and after the O; and UV
exposure demonstrate no evident changes in case of new
PLA and ABS-made plates, whereas the old PLA plates
show decrease in bands attributed to contamination due to
storing at ambient conditions. On the contrary, the
ATR-FTIR comparative analysis of plates’ spectra before
after O; discharge in all cases reveal new bands in
the spectra of discharge-treated plates. These bands were
attributed to changes in the plates’ surface caused by
exposure to 18-hr O; discharge. It should be noted that
Raman and ATR-FTIR spectroscopy in the spectra related
to ABS was not able to detect band characteristic for nitrile
group stretching, while bands characteristic for butadiene
were rather weak. These bands then most probably were
affected by the colouring additives and high amount of
polystyrene in the used ABS filament. Next, the Raman
shift and ATR-FTIR spectra of old PLA plates contain the
weak bands that point out storage at unstable conditions.
Nevertheless, the material remains fully processable and
mechanically behaves as the vacuum-stored ones. All the
above-mentioned results indicate that within the 18-hr
period, the used material (both PLA and ABS) was able to
sustain the O; and UV exposure with minor morphology
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and chemical composition changes that, however, had no
effect on the plates bulk and sealing properties. Never-
theless, the deep valleys between the stripes of ABS-made
plate and thus the risk of fractures need to be kept in mind.

6 | CONCLUSIONS

We investigated the possibility of the usage of 3D printing
materials for applications in generator of active particles,
O; and UV radiation based on electrical discharges. As
testing samples, we used plates from PLA or ABS
materials, which were integrated into the generator's
bodies. As a qualitative indicator of active particles, we
used O3 because of the wide range of its applications and
UV because of its usage for sterilization purposes. After
exposure of the plates to the O; and UV irradiation can be
from the surface analysis by electron and optical
microscopy, WCA measurement, Raman spectra, and
Fourier-transform infrared spectroscopy concluded that
from the macroscopic point of view both materials could
be used for active particles, O; and UV radiation
generators, at least on the scale of experimental usage.
Nevertheless, we give preference to chambers made on
PLA basis because of potentially higher mechanical and
sealing stability and also due to ecological considerations.
Investigated materials offer freedom flexibility and rapid
discharge chamber manufacturing that can be operation-
ally adjusted for prototyping of various types of the DBDs.
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Abstract. We studied the effect of the driving voltage of frequencies 4, 7, and 10 kHz and two different active
electrode setups on electrical properties, ozone production, and UV radiation of wavelengths 320—420 nm
of the dielectric barrier discharge in air. The first active electrode setup comprised the strip electrode
made from the copper foil. The second setup comprised the stainless steel wire mesh electrode with square
cells. The ozone concentration, as well as the ozone production yield, is higher for the discharge with the
strip active electrode setup than for the discharge with the mesh active electrode set up. The increased
frequency decreases the voltage required to obtain maximum ozone concentration. The intensity of UV
radiation is higher for the discharge with the mesh active electrode setup than for the discharge with the
strip active electrode setup for all investigated frequencies. The intensity of UV radiation at a particular
voltage depending on the frequency and active electrode setup sharply increases. The high concentrations of
ozone produced by the discharge with the strip active electrode setup are accompanied by lower intensities
of generated UV radiation. For the discharge with the mesh active electrode setup, the situation is reversed.

1 Introduction

The chemically reactive species, together with the ultra-
violet radiation (UV) generated by electrical discharges,
are responsible for high non-thermal plasma reactivity,
which can be used for a variety of applications [1,2]. In
our study, we focused on ozone production and UV radi-
ation of dielectric barrier discharge (DBD) in the air. We
used ozone because it has a wide range of various usages
such as water treatment, medicine, sterilization, food stor-
age time increase, or in agriculture [3-5]. UV radiation can
be used for inactivation of bacteria and viruses, steriliza-
tion, disinfection and surface treatment [6-9]. Except for
it, the UV radiation can also be used for the photocatalyst
activation [10,11].

Ozone generation in a DBD in the air at atmospheric
pressure is a complex process involving a number of
ozone generation as well as ozone decomposition reactions
[12-15]. In DBD, the current flow is brought about by a
large number of statistically distributed microdischarges
[16]. Since ozone, formed in the microdischarge channels,
diffuses immediately after its generation into the discharge
volume [12,17] its production is affected by the number
and distribution of microdischarge channels as well as
their properties. These properties can be influenced by
the electrical parameters of the discharge, the gap spac-
ing, or properties of the dielectrics and the metal active

* e-mail: pekarek@fel.cvut.cz

electrode. The discharge ozone production is consequently
a result of a combination of all these factors.

The DBDs can exist in three basic configurations: vol-
ume (VDBD); surface (SDBD) and coplanar (CDBD) [18].
According to this paper, in the case of the SDBD, the
development of the microdischarges along the dielectric
surface depends on the electric field distribution. This
field distribution, which is, first of all, determined by the
active (powered) electrode setup, affects not only the exis-
tence of microdischarges but also their mutual influence.
There exist numerous planar active electrode setups of
SDBD that have been tested, such a set of parallel wires,
strips, circles, squares, hexagonal or honeycomb struc-
tures, meshes, etc. [19-29]. Our attention in this study
was focused on SDBD and VDBD.

An important quantity affecting the properties of SDBD
is the frequency of the driving voltage. This frequency
influences discharge properties through the interaction of
microdischarges with residual charges left on the dielec-
tric surface during the whole discharge cycle, as well as
the influence of excited species generated in one microdis-
charge on the formation of another microdischarge [30].
Thus, for example, if this frequency is too low to keep the
microdischarge remnants from dissipation (low frequency
means that the period is longer than the typical lifetime
of the microdischarge remnant), microdischarge repulsion
effects are not observed [16].

Another output of SDBD is the emission of electro-
magnetic radiation of various wavelengths, also involv-
ing UV radiation. Efficient and cheap sources of UV
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radiation are important for various applications. At
present, most frequent commercial sources of UV radia-
tion are high-pressure mercury lamps with the emission
of the 253.65nm. Though there exist the attempts of
development of planar UV excilamps excited by a surface
barrier discharge as well as the studies of UV spectrum
emitted by filamentary nanosecond surface dielectric bar-
rier discharge [31-33], our research is not oriented in this
direction. However, the synergy between active species
and UV radiation generated by the discharge is inter-
esting for the surface treatment applications because
simultaneous ozone and UV application are generally
effective for removing organic contaminants from the sur-
faces. In this case, the organic compounds are converted
into volatile substances (e.g., water, carbon dioxide, nitro-
gen) by decomposition by ultraviolet rays and by strong
oxidation during the formation and decomposition of Og
and are removed from the contaminated surface [34].

In the air, the important contribution to the UV emis-
sion is caused by molecular bands of nitrogen [35,36]. From
the wide band of the discharge electromagnetic radiation
emitted by the discharge, we focused on the radiation
within the range of wavelengths 320—420 nm. One of the
reasons why we choose this range of wavelengths is that
this radiation can be used for surface treatment, for activa-
tion of various photocatalysts, e.g., for ozone production
enhancement or decomposition of volatile organic com-
pounds. Thus for activation of TiO3 in the anatase phase
is required the wavelength of 388 nm, TiO2 in the rutile
phase requires 413nm, the photocatalyst ZnO requires
376 nm, BaTiOg3 needs 376 nm and finally for SrTiOg3 acti-
vation is required the radiation of wavelength 388 nm.
Another reason for this choice of wavelengths is microor-
ganism inactivation, which can be achieved at the UV
wavelengths ranging from 100 to 400 nm, although a wave-
length of 254 nm is the most effective [3].

In this study, we tested two active electrode setups,
taking into account the characteristic dimensions of
microdischarges [16,18]. In the first case, we used the
active electrode setup for which the microdischarges could
fully develop (strips). Secondly we used the active elec-
trode setup for which the existence of microdischarges is
substantially suppressed (stainless steel wire mesh with
small dimensions of square cells). Our attention was
focused on the study of discharge voltage and its fre-
quency effects on discharge power, ozone production, and
UV radiation for the DBD in the air with these two dif-
ferent active electrode setups.

The obtained results could be useful for the proper
choice of the electrical parameters and the active electrode
setup of the dielectric barrier discharge so that it can be
used as a simultaneous source of balanced doses of ozone
and UV radiation, e.g., for surface treatment of materi-
als, biomedical applications, sterilization or activation of
photocatalysts.

2 Experimental apparatus

The experimental apparatus used in this study is shown
in Figure 1. It consists of a flat discharge chamber with
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the electrode system, a high voltage power supply system
with electrical parameters diagnostics, an ozone monitor,
a UV sensor and monitor, and an air supply system.

Our experiments were performed with the DBD of two
different active electrode sets ups situated in two identi-
cal flat discharge chambers. These discharge chambers of
dimensions 122 x 122 x 18 mm were made by 3D printing
from the polylactic acid-based material.

On the upper side of the discharge chamber was the
opening for the plexiglass window of dimensions 80 X
70mm. The space between the upper side of the dielec-
tric plate and this window defined the height of the dis-
charge volume, which was 6.5 mm. On the lower side of the
chamber was a rectangular opening for the water cooler.
On the left side of the chamber was the slit into which
was inserted the dielectric alumina plate of dimensions
108 x 108 x 0.635 mm, carrying the electrode setups. This
alumina plate had a content of Al,O3 of 96%, a dielectric
constant for 1 MHz of 9.6, electric strength of 14kV /mm,
and the heat conductivity for the temperature of 25°C was
24 W /mK.

The input of air into the discharge chamber was from
the left side through three tubes of outer diameter 2.5 mm.
Similarly, the output of air with the gas discharge prod-
ucts was from the right side of the discharge chamber. To
measure the temperature of the output gas near the out-
put of the discharge chamber was the optical fiber of the
Neoptix thermometer (T).

We tested two active electrode setups created on the
upper side of the alumina plate. The first one, the strip
active electrode was formed by 14 strips of the length
59 mm, and width 1 mm, was made from a copper foil of
thickness 0.035 mm. The distance between adjacent strips
was 3 mm. This electrode was glued to the alumina plate.
The capacitance of the electrode system with this active
electrode was 202 pF. The second active electrode setup
consisted of a stainless steel wire mesh with square cells
of inner dimensions 1 x 1 mm. The diameter of the wire
used for the mesh was 0.4mm. Due to the structure of
the mesh, the wires touched the alumina plate surface at
points of intersections of orthogonal wires. The capaci-
tance of the electrode system with the mesh active elec-
trode was 103 pF.

The square ground electrode, on the lower side of the
alumina plate, was the same for both types of the active
electrode. It was made from the copper foil of dimensions
80x90x0.035 mm. This electrode was through the thermal
pad in contact with a copper water cooler.

The active electrode was connected to an AC high volt-
age power supply system. This system consisted of func-
tion/arbitrary waveform generator DG 1022, wideband
AC power amplifier AL-600-HF-A (output power 600 W,
frequency response 20 Hz to 800 kHz) and a high-frequency
high voltage transformer AL-T1000.5 (peak voltage 10kV,
output power 1000 W and frequency response 4 to 12 kHz).
The discharge was driven by sinusoidal voltage.

The average discharge power was calculated on the basis
of the following equation:

1

T
Pa = = /0 V) I(t)dt.

- (1)
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Fig. 1. The experimental apparatus.

In this equation, T'is the period, V(%), and I(t) are voltage
and current signals, respectively. The voltage and current
waveforms were monitored by four channels digital oscillo-
scope DS 1204 B (200 MHz; 2 GSa/s). The discharge volt-
age signal was sampled and recorded on the first channel
of this oscilloscope with a high voltage probe (HVP-28HF,
Pintek, division ratio 1000/1, frequency up to 200 MHz).
To determine the discharge current, we used a signal
obtained from a Pearson current monitor (PCM, model
2877) with a bandwidth of up to 200 MHz. For instan-
taneous orientation power measurements, we simultane-
ously used the Rohde & Schwarz 8015 power analyzer.
The power used for the calculation of the ozone produc-
tion yield was determined from voltage and current mon-
itor probes.

The concentration of ozone at the output of the dis-
charge chamber was measured by the absorption of the
254nm UV spectral line with an API450 ozone monitor.
The accuracy of ozone concentration measurements was
+0.5%.

We measured discharge UV emission for the wave-
lengths 320 to 420 nm using the AccuMAX UV monitor.
We used an XS-365 sensor of the diameter of 21.6 mm for
a range of intensities of 0—100mW /cm?. For UV inten-
sities measurements, the upper plexiglass window of the
discharge chamber was removed and substituted by the
window with the opening in which was inserted the tube
of the inner diameter of 36.5 mm. The center of this tube
coincided with the center of the active electrode. The UV
sensor was situated at the end of this tube at a distance of
63.5 mm from the upper side of the alumina plate so that
the UV peak intensities were obtained by registering the
radiation emitted directly by the discharge.

The air for the discharge was supplied from an oil-free
compressor through the moisture trap (MT) and the mass
flow controller (MFC). The relative humidity of input
air was measured by a sensor (RH), and the pressure
in the discharge chamber was measured with a digital
manometer (P).

3 Experimental results and discussion

The experiments were performed with the discharges in
the air at constant flowrate through the discharge cham-
ber 3slm. At this flowrate, the pressure in the discharge
chamber exceeded the atmospheric pressure by 10hPa.
The relative humidity of the input air was 20%. Due to
the method of UV intensities measurements, the measure-
ments of ozone concentrations and UV intensities were not
performed simultaneously, but first of all, we determined
ozone concentrations and at the next step were measured
UV radiation intensities.

We used the sinusoidal driving voltage of frequencies
4, 7 or 10kHz. The measurements of ozone concentra-
tions were recorded for a given applied voltage and fre-
quency after 1.10min from the discharge ignition when
the discharge steady-state ozone levels were recorded by
the ozone monitor. Simultaneously with the ozone con-
centration, the temperature of the gas in the discharge
chamber was recorded. Depending on the frequency and
applied voltage, this temperature varied between 20.3 till
32.1°C. This temperature is low to cause thermal decom-
position or to play a crucial role in the reaction rates of
ozone decomposition reactions.

The photographs of the discharge with the strips or
the mesh active electrode for the same discharge volt-
age, frequency, and airflow are shown in Figures 2a
and 2b respectively. The photographs were taken with
Nikon 850 camera, objective Micro-Nikkor 55 mm, f =5.6,
ISO =1000 and exposition time 1/2s.

In the case of the discharge with the strip active elec-
trode setup, the electrode was made from a copper foil;
consequently, the true surface dielectric barrier discharge
could develop. On the photograph of this discharge, see
Figure 2a could be seen that due to the distance between
the strips, the microdischarges originating at strips can
freely develop and terminate between the strips. This sit-
uation is reflected by the existence of the dark region in
the middle between adjacent strips. However, at the cor-
ners when the strips meet with the connecting part of
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Fig. 2. Discharge with the strip active electrode setup (a) and
the mesh active electrode setup (b). Vmax = 3120V, f = 10kHz
and Qair = 3slm.

this active electrode, the partial suppression of microdis-
charges originating from the strips and the perpendicular
part of the electrode connecting the strips (on the left and
right side of Fig. 2a) can be observed. This suppression is
reflected by the darker regions in the form of triangles at
these corners. These triangles and darker regions between
two adjacent strips could be seen in the zoom image of
the discharge from Figure 2a, in Figure 3.

In the case of the discharge with the mesh active elec-
trode setup, the electrode was made from stainless steel
wire. Due to the structure of the mesh, the wires touched
alumina plate surface at points of intersections of orthog-
onal wires, which resulted in the production of plasma
produced not only by the surface but also by the vol-
ume dielectric barrier discharge. The detailed analysis of
the physics of various configurations of the dielectric bar-
rier discharges configurations is given in [18]. Following
this review, all configurations of DBD exist in the pre-
breakdown, streamer, and the decay phases. As long as
we used different active electrode setups, we affected the
distribution of the electric field and, consequently, the pre-
breakdown phase. Apart from it, due to the small dimen-
sions of the mesh cells, the development of microdischarges
from each side of the square cell was suppressed. It could
be therefore said that when the geometry of the active
electrode does not allow full development of the microdis-
charges and there exist volume and surface discharge
simultaneously, the visual appearance of the discharge is
changed in comparison with the discharge with the geom-
etry of active electrode with fully developed microdis-
charges.

3.1 Electrical parameters of the discharge

The DBDs are normally characterized by a large num-
ber of microdischarges per unit of electrode area and per
period of the driving voltage. Their existence is accompa-
nied by the current pulses. Under certain conditions, the
microdischarges increase their cross-section, merge, and
the discharge appears to be homogeneous. The occurrence
of microdischarges and their pattern are determined not
only by the amplitude and frequency of the driving volt-
age, type of the gas, its humidity, and presence of admix-
tures in the gas but also by the surface properties and
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the geometry of the electrode arrangement. According to
[37], the duration of microdischarges in air at atmospheric
pressure and 1 mm discharge gap is of about 10—100 ns.

Since ozone formation is associated with these microdis-
charges, their number and distribution pattern plays for
ozone generation important role. We, therefore, investi-
gated the effect of the driving voltage and active elec-
trode setup on the generation of these mirodischarges.
The important information about the height and num-
ber of current pulses per unit of time brings the voltage-
current (V-I) waveforms. To have an impression about
these quantities in the following Figure 4 are, as an illus-
trative example, shown the V-I waveforms for the dis-
charge from Figure 2a (Vihax = 3120V, f = 10kHz and
Qair = 3slm) with the strip active electrode setup, for
one-quarter of a period of the driving voltage.

To demonstrate the effect of the active electrode setup
on the occurrence of microdischarges, the V-I waveforms
for the discharge with the strips and mesh active elec-
trode setups are shown in Figures 5 and 6, respectively.
These figures are for the same driving voltage frequency
4kHz and approximately the same discharge voltage. The
waveforms correspond to the points, which are shown in
Figure 9, showing the dependence of the discharge power
as a function of the discharge voltage for the strip active
electrode setup (point A) and the mesh electrode setup
(point B).

From a comparison of these two figures can be seen
the strong effect of the active electrode setup on the
V-I waveforms. The difference in these waveforms is due
to the different materials of active electrode (copper or
stainless steel), the geometry of this electrode (strips or
square mesh) as well as type of the electrode (foil or wire).
Besides, in these two figures can also be seen the asymme-
try in the number and height of current peaks that appear
during the positive and negative discharge voltage half-
periods for both active electrode setups. From Figure 5
can be concluded that for the discharge with the strip
active electrode setup, the number and height of current
peaks in positive discharge voltage half-periods are higher
than in negative half-periods.

On the other hand, if the active electrode setup is
changed from the strips to the mesh (Fig. 6), the V-T
waveforms substantially change. In this case, the number
and height of current peaks in negative discharge voltage
half-periods are higher than in positive half-periods. Gen-
erally speaking, the polarity of the active electrode deter-
mines the discharge dynamics, which is rather different
for the negative polarity from that with positive polarity
(photoemission or emission of secondary electrons due to
the impact of positive ions on the cathode) [18].

Another important quantity affecting voltage-current
waveforms is the frequency of the driving voltage. The
illustrative examples of the frequency effects on these
waveforms for the mesh active electrode setup are shown
in Figures 7 and 8. Figure 7 is for frequency 4kHz, dis-
charge voltage 2960V and Figure 8 is for the frequency
10kHz and voltage 3000 V.

From a comparison of these two figures can be seen
that for the mesh active electrode for approximately
the same discharge voltage, the current pulses are with
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Fig. 4. V-I waveforms for the discharge with the strip active
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Fig. 5. V-I waveforms for the strip active electrode setup.
Vimax = 4240V, f = 4kHz and Q.i» = 3slm. Point A in
Figure 9.

an increasing frequency more numerous and have higher
amplitude. Qualitatively the same effect was observed for
the discharge with the strip active electrode. The expla-
nation of the change in the number of current pulses per
unit of time with the change of frequency [15] is mainly
based on the accumulated charges of the microdisharges
over the dielectric material from the preceding half cycle of
the applied voltage, which enhances the electric field and
subsequently the discharge in the next half cycle of the
applied voltage. The results shown in Figures 5-8 agree
and extend the results presented in [8,15,19,38,39] for the
majority of active electrode configurations.

An important quantity for evaluation of the discharge
efficiency from the standpoint of its ozone generation is the
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Fig. 6. V-I waveforms for the mesh active electrode setup.
Vimax = 4160V, f = 4kHz and Qair = 3slm. Point B in
Figure 9.

discharge power. The dependencies of the discharge power
as a function of the discharge voltage for the discharge
with the strips or the mesh active electrode setups for
frequencies 4, 7, and 10kHz are shown in Figure 9.

From this figure, it is seen that the active electrode
setup substantially influences the average discharge power.
Generally speaking, for the particular voltage and fre-
quency, the discharge with the mesh active electrode setup
allows obtaining higher power than the discharge with the
strip active electrode setup. Thus, for example, for the fre-
quency 4kHz and discharge voltage 4240V, the average
discharge power for the strip electrode setup is 16.5 W
(point A), and for the mesh active electrode setup and
the voltage 4160V, the power is 38.3 W (point B). This
result can be explained by plasma production not only
by the surface but also by the volume dielectric barrier
discharge.

The dependence of the discharge power on the frequency
of the driving voltage for a particular active electrode
setup corresponds to the already known results that is for
a particular voltage, the increase in frequency increases
average discharge power [15,40-42].

The change in electrical parameters of the discharge
caused by the change in the frequency of the driving volt-
age, as well as by the change of the active electrode setup,
is certainly reflected by the change of the discharge ozone
production and UV radiation.

3.2 Discharge ozone production and intensity of UV
radiation

The dependences of ozone concentrations produced by the
discharge with the strips and the mesh active electrode
setups and frequencies of the driving voltage 4, 7, and
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10kHz as the functions of the discharge voltage are shown
in Figure 10.

Each ozone concentration presented as a point in this
figure represents an equilibrium between complex of pro-
cesses leading to ozone generation and decomposition.
This equilibrium concentration depends on various fac-
tors, such as the operating parameters of the discharge
(voltage, current, frequency) as well as on the active elec-
trode setup. From the comparison of the ozone concen-
tration dependence on the discharge voltage for the strips
or the mesh active electrode setups and frequencies of the
driving voltage 4, 7, and 10kHz can be concluded that
except for the low voltage (<2100V), the ozone concen-
tration for the discharge with the strip active electrode
set up is for all three frequencies higher than for the dis-
charge with the mesh active electrode setup. From this
figure, it is also seen that increased frequency decreases
the voltage required to obtain maximum ozone concentra-
tion. This effect is more distinct for the strips than for
the mesh active electrode setup. The results presented in
this figure are in agreement and extend the results deal-
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ing with the effect of frequency on ozone generation by
the surface dielectric barrier discharge in dry air [40].

An important quantity from the standpoint of practi-
cal applications is the ozone production yield «, which is
defined as the amount of energy required for the produc-
tion of 1g of ozone:

_0.385 x O3 [ppm]
B Py [W]

[g/kWh]. (2)
The numerical constant 0.385 in equation (2) involves the
density of ozone as well as all conversion factors of the
airflow rate and energy.
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The dependences of ozone production yield versus dis-
charge voltage for the discharge with the strips and the
mesh active electrode setups and frequencies of the driving
voltage 4, 7 and 10 kHz are shown in Figure 11. From this
figure can be seen that the production yield for all three
investigated frequencies is higher for the discharge with
the strip active electrode setup than for the mesh active
electrode setup. Except for it, for both active electrode
setups and particular voltage, the production yield with
the increasing frequency of the driving voltage decreases.

The obtained values of the ozone production yield ranging
from 3 to 100 g/kWh for the investigated active electrode
setups and the discharge in the air are comparable to the
values reported in earlier literature. The values of the yield
reported for the various types of DBD in air varied between 0
and 100 g/kWh [15,21,29]. It should be mentioned here that
the examples quoted above represent the most frequently
reported values of the ozone production yield.

The dependences of the peak intensity of UV radiation
of the discharge versus discharge voltage for frequencies 4,
7, and 10kHz, and both active electrode setups are shown
in Figure 12.

The first conclusion from this figure is that for all
investigated frequencies and both active electrode setups,
with increasing driving voltage, the intensity of radiation
increases. For all three investigated frequencies, for partic-
ular discharge voltage, the intensity of radiation is higher
for the discharge with the mesh active electrode setup than
for the discharge with the strip active electrode setup.
The increasing frequency for a particular discharge voltage
increases the intensity of UV radiation for both active elec-
trode setups. We can also see that for a particular voltage,
the lowest intensity of UV radiation is for driving voltage
frequency 4 kHz and the strip active electrode setup.

An interesting effect, shown in this figure, is a
sharp increase in the intensity of UV radiation at
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Fig. 12. Peak intensity of UV radiation versus voltage for
the discharge in the air with the strips or the mesh active
electrode setups and frequencies of the driving voltage 4, 7
and 10kHz. Black squares — mesh active electrode setup; red
circles — strip active electrode setup. Full symbols — frequency
4kHz; horizontally crossed empty symbols — frequency 7 kHz;
half-empty symbols — frequency 10 kHz.

particular — onset — voltage. This increase in intensity
is related to the driving voltage frequency as well as to
the active electrode setup. Thus for the frequency 10 kHz,
this effect was observed for both active electrode setups,
though different voltages were required for its onset. Thus
for the mesh or strip active electrode setup, the onset
voltage of this sharp increase in intensity was 2200V and
3200V, respectively. From Figure 12 it is also seen that
for particular active electrode setup the decrease in fre-
quency increases the onset voltage of this effect. For the
strip active electrode setup, this sharp increase in radi-
ation intensity is observed only for 10kHz because the
discharge voltage was not sufficient to obtain this increase
of radiation intensity at lower frequencies.

The observed results dealing with the intensity of UV
radiation could be explained by a complex action of var-
ious factors. The intensity of radiation depends on the
energy transmitted by this radiation per unit of time and
per unit of area perpendicular to the energy flow. All vari-
ables which can affect these three quantities can influ-
ence the intensity of radiation. These variables involve,
e.g., the discharge voltage, which affects the number of
microdischarge channels per active phase of the discharge,
frequency of a driving voltage or the duration of individual
microdischarges. The duration of mirodischarges is influ-
enced not only by the type of the gas but also by the
electrode setup and surface properties of used materials.

From a comparison of Figures 10 and 12 can also be con-
cluded that a high concentration of ozone produced by the
discharge with the strip active electrode setup is accompa-
nied by lower intensities of UV radiation of this discharge.
On the other hand, high intensity of UV radiation of the
discharge with the mesh active electrode setup is accom-
panied by a lower concentration of ozone produced by the
discharge with this electrode setup.

For the sake of complexity, it should be however men-
tioned that high intensities of UV radiation for the
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discharge with mesh active electrode setup can also con-
tribute to ozone decomposition processes, which results
in lower ozone production for the mesh active electrode
setup in comparison with ozone generation by discharge
with the strip active electrode setup.

4 Conclusions

We studied the effect of the driving voltage frequency and
active electrode setup on electrical properties, ozone pro-
duction, and UV radiation of wavelengths 320—420 nm of
the dielectric barrier discharge in air at atmospheric pres-
sure. The experiments were performed with frequencies of
the driving voltage 4, 7, and 10kHz and with two active
electrode setups. The first setup comprised the strips elec-
trode made from the copper foil. The second setup com-
prised the stainless steel wire mesh electrode with square
cells. Our findings can be summarized as follows:

— For both active electrode setups and the same dis-
charge voltage, the current pulses are with an increas-
ing frequency more numerous and have higher ampli-
tudes.

— For the same voltage and frequency for the mesh active
electrode setup, the current pulses are for both polar-
ities of the driving voltage higher and more numerous
than for the strip active electrode setup.

— Ozone concentration, as well as the ozone production
yield, is higher for the discharge with the strip active
electrode setup than for the discharge with the mesh
active electrode set up.

— The increased frequency decreases the voltage required
to obtain maximum ozone concentration. This effect is
more distinct for the discharge with the strips than for
the mesh active electrode setup.

— The intensity of UV radiation for a particular voltage
is higher for the discharge with the mesh active elec-
trode setup than for the discharge with the strip active
electrode setup for all investigated frequencies.

— The intensity of UV radiation at a particular voltage
depending on the frequency and active electrode setup
sharply increases. The increase in driving voltage fre-
quency causes the shift of this onset voltage to lower
values.

The general conclusion from our study is that high
concentrations of ozone produced by the discharge with
the strip active electrode setup are accompanied by lower
intensities of generated UV radiation. For the discharge
with the mesh active electrode setup, the situation is
reversed. The obtained results could be useful for the
design of the active electrode setups of the non-thermal
plasma generators so that they can be used as sources
of balanced doses of ozone and UV radiation for surface
treatment of materials, biomedical applications, steriliza-
tion or activation of photocatalysts.
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Abstract. Discharge ozone production depends on different quantities and the effect of one quantity on
this process cannot be separated from the effects of other quantities. Thus the temperature influences the
reaction rates of individual reactions involved in ozone generation and destruction, the thermodynamic
properties, and the density of the feeding gas. The density of the feeding gas influences the reduced electric
field, which affects ionization of the gas, production of electrons and consequently the electrical parameters
of the discharge. Taking into account these considerations we investigated the effect of temperature and
various arrangements of the input and output of the feeding gas to and from the discharge chamber
together with related changes of electrical parameters of the surface dielectric barrier discharge on its
ozone production for the temperatures in which commercial ozone generators function. We found that if the
temperature of air at the output from the discharge chamber is increased from 15.0 4+ 0.5 to 25.0 £+ 0.5 °C,
the discharge ozone production and peak discharge voltage decrease. Both the discharge ozone production
and the peak discharge voltage are also affected by the way in which the feeding air is supplied to and
leaves the discharge chamber. We also showed that for all ways in which the feeding air is supplied to
and leaves the discharge chamber the discharge nitrogen dioxide production follows the same trends as

discharge ozone production.

1 Introduction

Due to its high relative speed of reactions with chemical
and biological species, ozone has found widespread appli-
cations in many areas including wastewater and drinking
water treatment, oxidation, sterilization, deodorization,
bacterial deactivation, food treatment, and so on. For all
these applications efficient and stable sources of ozone are
required.

Most of the ozone for the above-mentioned applica-
tions is produced by dielectric barrier discharges or corona
discharges from oxygen or air. In spite of the fact that
ozone production from air is burdened by existence of ni-
trogen oxides in many types of commercial ozonizers as a
feeding gas is used air. In this case additional ionic species
(N*+, NJ) together with excitation and dissociation of ni-
trogen molecules causes appearance of new species e.g.
nitrogen oxides and provide additional reaction paths for
both ozone formation as well as its destruction [1-3].

Generation of ozone from air by electrical discharge
is a complex process [4-8], which, apart from electrical
parameters of the discharge, pressure, humidity, and so
on, depends mainly on the temperature of air and flow of
air in the discharge chamber. The temperature of air in
the discharge chamber can be associated with the balance

# e-mail: pekarek@fel.cvut.cz

of the discharge heat generation and the heat removal.
The heat generation in the discharge chamber depends
on discharge power. The heat removal from the discharge
chamber can be affected by varying airflow patterns in the
discharge chamber as well as by the cooling.

The temperature of air determines not only its ther-
modynamic properties but also the reaction coefficients of
reactions leading to both ozone generation as well as its
destruction. The most important reaction leading to ozone
generation from air at atmospheric pressure is, according
to reference [2], the reaction

O+ 0y +M — O3 + M, (1)

where M represents the third collision partner, which, for
air, is molecular oxygen or nitrogen. For molecular nitro-
gen, the dependence of the reaction rate coefficient kgen
of this reaction on the temperature of the gas T,s in the
volume where this reaction takes place is given by the fol-
lowing expression [9]:

Kgen = 6.2 x 1073 exp (300[Tyas)” [em® s~ K], (2)

From this expression it is seen that with increasing gas
temperature the reaction rate coefficient kge, decreases.
The most important reaction leading to ozone destruction
in air is the reaction

NO + O3 — NO3 + Os. (3)
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According to [10], the reaction rate coefficient kgest, of
this reaction depends on the temperature of a gas in the
following way

Edestr = 4.3 x 10712 exp (—1560|Tyas) [em® s71 K. (4)

This expression shows that with increasing temperature,
ozone destruction increases. In the context of the domi-
nant reactions leading to ozone generation and destruc-
tion, it should be pointed out, however, that the role
of particular reactions leading to ozone generation and
destruction varies with the temperature of a gas. Thus
according to [4], for a temperature of air gas lower
than 350 K, the dominant reaction for ozone loss is the
reaction

e+ 03 —>0+035+e, (5)

for which the reaction rate coefficient is 5.88 x
1079 [em? s~ [10].

The temperature of air in the discharge chamber cer-
tainly also depends on the heat removal from the discharge
chamber through cooling of the chamber as well as on the
flow of air through the chamber. Ozone generation de-
pends on the time during which the particles used for this
generation stay in the volume in which they are affected
by the discharge. As can be seen from equation (1), ozone
is formed mainly from oxygen atoms in a process, which
takes about 100 us in air [3]. The time during which the
particles used for ozone generation stay in the volume in
which they are affected by the discharge can be influenced
by changing the air flow rate through the discharge cham-
ber or by varying the airflow patterns in the discharge
chamber. The airflow patterns in the discharge chamber
could be changed by using different combinations of inputs
and outputs of air to and from the discharge chamber.

Most of the papers on the study of ozone generation
and its dependence on temperature and processes, which
are affected by temperature are devoted to the effect of
higher temperature on these processes, for example, tem-
peratures up to 500 K [4,5]. However, commercial ozoniz-
ers most frequently function at ambient temperature. We
have therefore investigated ozone production of the sur-
face dielectric barrier discharge (SDBD) in air for tem-
peratures of air at the output from the discharge chamber
of 15.0 £ 0.5 °C and 25.0 £ 0.5 °C and for various ar-
rangements of inputs and outputs of air to and from the
discharge chamber.

As long as the generation of ozone from air by an elec-
trical discharge could not be separated from production
of nitrogen oxides [1,2,11,12], we also investigated effect of
various combinations of inputs/outputs of air to or from
the discharge chamber on discharge production of nitrogen
monoxide NO and nitrogen dioxide NOs.

In context of discharge ozone generation it should be
however pointed out, that the influence of individual quan-
tities such as temperature on this process could not be
separated from the effects of other quantities involved in
discharge ozone production. Thus, for example, tempera-
ture influences the reaction rates of individual reactions
involved in ozone generation and destruction, the ther-
modynamic properties of the feeding gas, and of course
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Fig. 1. Experimental arrangement.

the density of the feeding gas. The density of the feed-
ing gas influences the reduced electric field, which af-
fects ionization of the gas, the production of electrons and
consequently the electrical parameters of the discharge.
Taking into account these considerations we also investi-
gated the effect of temperature and various arrangements
of the input and output of the feeding gas to and from
the discharge chamber on the electrical parameters of the
discharge.

2 Experimental arrangement

The experimental arrangement used for the study of
SDBD is shown in Figure 1. It consists of a flat ozone
generator made from polymethyl-methacrylate plexiglass.
The generator comprises an electrode system which was
screen-printed on a 50 x 50 mm high-purity alumina AlsOg
dielectric plate of 0.635 mm thickness. This alumina plate,
produced by the company Elceram, was of white color,
with a content of AloO3 of 96%, mass density of 3.7 g/cm?,
roughness 0.25-0.7 um, a dielectric constant for 1 MHz
of 9.6, electric strength of 14 kV/mm and the heat con-
ductivity for temperature of 25 °C of 24 W/m K. The alu-
mina plate divided the ozone generator into two parts. In
the lower part there was a discharge chamber, which was
opened to nine interconnected strips active electrode on
the alumina plate. The width of each strip was 1 mm. The
dimensions of the discharge chamber were 40x40x4.8 mm.
Through the thermal pad, the upper surface of the dielec-
tric plate, which was carrying a square electrode, was in
contact with a cooler, cooled by an electric fan.

The discharge chamber was flushed by air from a cylin-
der, which was delivered through the moisture trap and
the mass flow controller (MFC). The input of air into the
discharge chamber was through three tubes, P1, P2, and
P3. Each of these tubes could be closed by a valve. Sim-
ilarly the output of air was through three tubes, V1, V2,
and V3, and each of these tubes could be closed by valve.
By closing valves on individual tubes it was possible to
affect the airflow patterns and consequently the residence
time of air molecules in the discharge chamber. The layout
of the electrode system, together with input and output
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tubes and the position of the thermocouple T' to measure
the temperature of the output air, is shown in Figure 2.

The experiments were performed with the sinusoidal
driving voltage. We used a high voltage power supply
HVPS working at a frequency of 10.9 kHz. To determine
the average discharge power, on the first channel of an
ADS 1102CM digital storage oscilloscope (150 MHz) we
sampled and recorded the discharge voltage through the
high voltage probe (HVP-28HF, Pintek; division ratio:
1000/1; frequency: up to 200 MHz). To determine the dis-
charge current we used a signal obtained from a Pearson
current monitor (PCM, model 2877).

The ozone concentration was measured by absorption
of the 254 nm UV spectral line using an API 450 ozone
monitor. The concentrations of nitrogen monoxide NO
and nitrogen dioxide NOy were measured by the flue gas
analyzer GA-60. This analyzer is equipped with electro-
chemical cells for measuring concentrations of nitrogen
monoxide, nitrogen dioxide, oxygen and carbon monox-
ide. To make these measurements with the same airflow
through the discharge chamber as in the case of ozone pro-
duction measurements we could use either ozone monitor
or flue gas analyzer.

The temperature field in the discharge chamber was
recorded with a Fluke TiS thermocamera. Pressure at the
input of the discharge chamber was measured with a dig-
ital manometer P.

3 Experimental results and discussion

To evaluate the efficiency of discharge ozone production
from the standpoint of energy requirements, we used the
so-called ozone production yield «, which is defined in the
following way:

a =

21.44 x (Ozone concentration) x Air flowx 6x 1073

P, [g/kWh],

(6)

where the concentration of ozone produced by the dis-
charge is substituted in parts per million, the airflow in
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Fig. 3. Ozone concentration versus average discharge power
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Fig. 4. Ozone production yield versus average discharge power
for two air temperatures at the output of the discharge chamber
and various inputs and outputs of air. Full symbols indicate
the temperature of 15.0 4+ 0.5 °C; empty symbols indicate the
temperature of 25.0 + 0.5 °C.

standard litres per minute (slm), and the mean discharge
power in watts. The airflow through the discharge cham-
ber was fixed to 1.8 slm in our experiments.

3.1 Concentration of ozone and ozone production yield

The dependence of ozone concentration on average dis-
charge power for air temperatures of 15.0 + 0.5 °C
and 25.04+ 0.5 °C at the output from the discharge cham-
ber as measured by the thermocouple T', for various ar-
rangements of inputs and outputs of air to and from the
discharge chamber is shown in Figure 3. The analogical
dependence for the ozone production yield is shown in
Figure 4.
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From Figure 3 it can be seen that even a small in-
crease of the output air temperature from 15.0+0.5 °C to
25.0 + 0.5 °C for a particular power and for the same
arrangement of inputs and outputs of air to and from
the discharge chamber substantially decreases the ozone
concentration, and the concentration of produced ozone
depends strongly on the way in which the feeding air is
supplied to the discharge chamber and how its output is
organized. Similar conclusions can also be drawn for the
ozone production yield. From these two figures it is also
seen that both ozone concentration and ozone production
yield are highest if the inputs/outputs of air to/from the
discharge chamber are through the tubes P1, P2, P3/V1,
V2, V3, which are at equal distances along the side of the
discharge chamber parallel to the active electrode strips.
On the other hand, if the input and output of air to the
discharge chamber are only through one tube situated at
the centre of the side parallel to the strips of the active
electrode, that is P2/V2, the concentration of ozone and
the ozone production yield are the lowest.

These results can be at least partially understood by
taking into account the combination of non-uniform tem-
perature field distribution inside the discharge chamber
and different airflow patterns in the discharge chamber
when varying inputs/outputs of air to/from the discharge
chamber together with associated changes of electrical pa-
rameters of the discharge. The changes of electrical param-
eters of the discharge are discussed in Section 3.3.

In the case of the arrangement of inputs/outputs of air
to/from the discharge chamber P1, P2, P3/V1, V2, V3 the
airflow pattern immediately after entering the chamber
and during all of its path through the discharge cham-
ber is the most uniform in comparison with the two other
arrangements of air inputs/outputs, which allows max-
imum interaction of the discharge with the feeding air.
When varying the inputs/outputs of air to or from the
discharge chamber, we can affect the airflow patterns in
the discharge chamber. In case of P1/V3 and P2/V2 com-
bination the flow will probably be more turbulent than
in case of P1P2P3/V1V2V3 combination. A characteris-
tic feature of turbulent flows is the occurrence of eddies of
different length scales. These eddies affect mixing of par-
ticular reagents and therefore could affect their chemistry.

Another effect which could be responsible for different
values of discharge ozone production in the case when we
use different arrangements of air input and output to and
from the discharge chamber could be associated with the
fact that the properties of microdischarges are affected by
the various airflow patterns in the discharge chamber. In-
deed, remaining active species produced by the preceding
upstream microdischarges could modify the physical pro-
cesses such as ionization and attachment for the formation
of a new downstream microdischarge. A similar effect ex-
ists in the case of plasma displays or plasma bar-graphs,
where preionization of the volume in which the discharge
occurs due to the previous discharge decreases the onset
voltage of the following discharge.

From Figures 3 and 4, it can be seen that the ozone
concentration depends on temperature. To gain a deeper
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insight into this dependence, we performed additional ex-
periments dealing with this dependence for the arrange-
ments of inputs and outputs giving the highest ozone pro-
duction, that is, P1, P2, P3/V1, V2, V3, but for three air
temperatures at the output from the discharge chamber.
The results of these experiments are shown in Figures 5
and 6.

From Figures 5 and 6, it can be seen that even a small
change of temperature strongly affects both the concen-
tration of ozone produced by the discharge and the ozone
production yield. This conclusion should be considered as
a result of not only the effect of temperature on the reac-
tion rates of processes leading to the ozone production and



Eur. Phys. J. D (2014) 68: 310

1000 P1,P2,P3V1,V2,V3
P13

8001 P2/V2
— 6004
E
8
o 400-
P4

2004

0+ LA—DD—D— DDA

Pav [W]

Fig. 7. Concentration of nitrogen monoxide (empty symbols)
and nitrogen dioxide (full symbols) versus average discharge
power for air inputs/outputs P1, P2, P3/V1, V2, V3 (red
squares); P1/V3 (green circles) and P2/V2 (blue up-triangles)
for the temperature of air at the output of the discharge cham-
ber of 25.0 £ 0.5 °C.

decomposition but also the associated effect of the tem-
perature on the density of feeding air. The density of the
feeding gas influences the reduced electric fields, which af-
fects the ionization of the gas, the production of electrons,
and consequently the discharge ozone production.

Besides these effects it should also be mentioned that
according to reference [13] the changes in temperature-
related gas density also modify the distribution of ion
space charge so that the propagation of the microdis-
charges is affected, which could modify the surface con-
ductivity and consequently the surface charge distribution
on the dielectric surface together with the related electric
field profile, and finally, the dielectric surface temperature
controls the secondary emission.

To demonstrate how combination of inputs/outputs of
air to or from the discharge chamber affects discharge pro-
duction of nitrogen monoxide NO and nitrogen dioxide
NO; for all three combinations of inputs/outputs of air
P1/V3; P2/V2 and P1, P2, P3/V1, V2, V3 in following
Figure 7 are shown concentrations of nitrogen monoxide
NO and nitrogen dioxide NOs for all three combinations of
inputs/output of air for temperature of air at the output
from the discharge chamber of 25.0 + 0.5 °C.

From this figure can be taken following conclusions.
First of all for investigated range of average power as well
as for all combinations of inputs/outputs of air to the dis-
charge chamber the concentration of nitrogen monoxide
NO is negligible. The fact that concentration of nitro-
gen monoxide is negligible for the discharge before the
discharge poisoning occurs is in agreement with results for
the dielectric barrier discharge published in reference [1]
or for corona discharge published in references [11,12]. The
second conclusion deals with production of nitrogen diox-
ide NOs. Concentration of NO; increases with the average
power and it depends on combination of inputs/outputs of
air from the discharge chamber. The highest concentration
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of NOy was obtained for combination of inputs/outputs
P1, P2, P3/V1, V2, V3; lower concentration of NOy was
obtained for combination of inputs/outputs P1/V3 and
finally the smallest concentration was obtained for in-
puts/outputs P2/V2. From the comparison of O3 concen-
trations (Fig. 3) and NOz concentrations (Fig. 7) for var-
ious combinations of inputs/outputs of air into/out of the
discharge chamber can be seen, that the highest Oz as
well as NOo concentrations were obtained for the same
combination P1, P2, P3/V1, V2, V3. On the other hand
the smallest O3 as well NO5 concentrations were obtained
for the same combination P2/V2. Finally for the combina-
tion P1/V3 both O3 as well as NOy concentrations are be-
tween corresponding concentrations for combinations P1,
P2, P3/V1, V2, V3 and P2/V2.

From comparison of these two figures could be also
seen that there are similar trends between O3z and NOs
concentrations. Both Oz and NOs concentrations increase
with specific energy. This result is in agreement with the
results published in reference [1]. Besides of it the highest
“slope” to the dependence of NOgy or Og is for combina-
tion of inputs/outputs P1, P2, P3/V1, V2, V3; smaller
“slope” was obtained for combination of inputs/outputs
P1/V3 and finally the smallest “slope” was obtained for
inputs/outputs P2/V2.

3.2 Temperature field distribution
in the discharge chamber

From the results presented in Figures 3-6, the important
role of temperature in ozone generation can be seen. The
increase in temperature of the discharge volume is due to
the fact that only a minor part of the energy delivered
to the discharge is used for ozone production and most of
this energy is converted into heat [14]. The result of the
dynamical balance between the heat sources and sinks is
then represented by temperature field distribution in the
discharge chamber.

The heat sources are the consequence of the energy
transfer from the electric field to the gas particles in the
discharge. The surface dielectric barrier discharge con-
sists of a set of parallel microdischarge channels, which
originate at the conductive electrode and propagate per-
pendicular to this electrode on the dielectric surface [15].
The temperature in the microdischarge channels is much
higher than that of the gas around them [14,15]. Moreover
the temperature in these channels also changes in time.
The gas expanding effect [14] causes mixing of the locally
heated gas with the cold one, so that the temperature in
the discharge volume averages.

The heat sinks are represented by cooling of the dis-
charge chamber walls by the fan, by air flowing through
the discharge chamber etc. The feeding air stream drags
the volume of the heated air toward the output from
the discharge chamber. In our case the situation is
even more complicated by various combinations of in-
puts/outputs of air into/out of the discharge chamber.
Resultant temperature field distribution in the chamber
then reflects all above mentioned processes.
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As long as the ozone concentration is the highest if
the inputs/outputs of air to/from the discharge chamber
are through the tubes P1, P2, P3/V1, V2, V3, in Fig-
ure 7 we show the temperature field distribution in the
discharge chamber when the discharge is on obtained with
the thermocamera. From this figure it is seen that the tem-
perature field is strongly non-uniform and the maximum
temperature in the discharge chamber is at the left part
of the discharge chamber, that is, at the end of the ac-
tive electrode strips. The region along the interconnecting
part of the active electrode on the right side of this figure
is colder.

In order to demonstrate the change in the temperature
field distribution when the inputs/outputs of air to/from
the discharge chamber were changed from P1, P2, P3/V1,
V2, V3 to P1/V3 in Figure 8 is shown the thermocam-
era image giving the temperature field distribution in the
discharge chamber for this situation.

From comparison of Figures 8 and 9 it is seen that
when the input/output of feeding air was changed from
P1, P2, P3/V1, V2, V3 to P1/V3, the temperature field
was substantially changed. This effect was caused by the
different airflow patterns in the discharge chamber and
consequent changes in the mixing of locally heated air in
microdischarges, with the cold air entering the discharge
chamber.

3.3 Electrical parameters of the discharge

Our experiments with ozone generation by surface dielec-
tric barrier discharge were performed with the sinusoidal
driving voltage of frequency 10.9 kHz. As an illustrative
example Figure 10 shows discharge voltage and current
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Fig. 10. Discharge voltage and current waveforms for combi-
nation of air inputs/outputs P1, P2, P3/V1, V2, V3.

waveforms for combination of air inputs/outputs P1, P2,
P3/V1, V2, V3. The temperature field for this air in-
puts/outputs combination is shown in Figure 8.

As already mentioned, the discharge ozone production
depends on different quantities and the effect of one quan-
tity on this process cannot be separated from the effects of
other quantities. Thus the temperature not only influences
the reaction rates of reactions involved in ozone genera-
tion, but also, through its effect on density, influences the
reduced electric field and consequently the electrical pa-
rameters of the discharge. Taking into account these con-
siderations, we investigated the effect of temperature and
various arrangements of the input/output of the feeding
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Fig. 11. Effect of temperature on the peak discharge voltage
for various inputs/outputs of air to/from the discharge cham-
ber. Full symbols indicate the temperature of 15.0 + 0.5 °C;
empty symbols indicate the temperature of 25.0 + 0.5 °C.

gas to/from the discharge chamber on the peak discharge
voltage for a particular discharge power.

The peak discharge voltage was determined from the
digitalized data for each experimental point.

In order to demonstrate the fact that the discharge
voltage is affected by temperature and partly also by the
various arrangements of input/output of air to/from the
discharge chamber, Figure 11 shows the effect of tem-
perature and various arrangements of inputs/outputs of
air to/from the discharge chamber on the peak discharge
voltage.

From Figure 11 can be seen that at a particular power
for all arrangements of input/outputs of air to/from the
discharge chamber, the peak discharge voltage decreases
with increasing temperature. This result is in agreement
with the results presented in reference [16], where a lin-
ear reduction in applied onset voltage is shown for fil-
ament initiation with an increase in temperature. For
temperature of output air from the discharge chamber
25.0 £ 0.5 °C the peak discharge voltage does not substan-
tially depends on the arrangement of the input/output
of air to/from the discharge chamber. For temperature
of output air from the discharge chamber 15.0 + 0.5 °C
the peak discharge voltage depends on the arrangement
of input/output air from the discharge chamber for higher
power.

Another conclusion which can be drawn from Figure 11
is that, for a particular power, the peak discharge volt-
age is the highest for the inputs/outputs of air P1, P2,
P3/V1, V2, V3 and for the output air temperature of
15.04+0.5 °C. This result implies that the reduced electric
field E/n (where F is the electric field strength, and n is
the density of the feeding gas) will also be highest for this
arrangement of inputs and outputs and for this temper-
ature. Ionization will therefore be more effective and the
electron density will be greater, and consequently there
will be higher oxygen atom density and therefore higher
ozone production. This conclusion is in agreement with
the results presented in Figure 3.

Page 7 of 8
4 Conclusions

For the surface dielectric barrier discharge in air we in-
vestigated the effect of temperature and various arrange-
ments of the input and output of the feeding gas of the
discharge chamber together with related changes of electri-
cal parameters on the discharge ozone production for the
temperatures in which commercial ozone generators func-
tion. We also showed that the effect of one quantity on
discharge ozone production could not be separated from
the effects of other quantities.

We found that if the temperature of air at the output
from the discharge chamber is increased from 15.0+0.5 °C
to 25.0 & 0.5 °C the discharge ozone production and the
peak discharge voltage are decreased. Both the discharge
ozone production and, partially, the peak discharge volt-
age are affected by the way in which the feeding air is
supplied to and leaves the discharge chamber. The high-
est values of ozone concentration for a particular temper-
ature of output air were obtained when the arrangement
of inputs and outputs of air into and from the discharge
chamber allowed a more or less uniform distribution of
airflow immediately after entering the chamber and dur-
ing the whole of its path through the discharge chamber,
that is, for inputs/outputs P1, P2, P3/V1, V2, V3. We
also showed that for all ways in which the feeding air is
supplied to and leaves the discharge chamber the discharge
nitrogen dioxide production follows the same trends as dis-
charge ozone production. Besides of it it was found that
the arrangement of air inputs/outputs P1, P2, P3/V1, V2,
V3 for the output air temperature of 15.0 £ 0.5 °C gave
the highest peak discharge voltage for a particular power.

The obtained results are useful for the construction of
commercial ozone generators because they show the im-
portance of temperature as well as airflow patterns in the
discharge chamber on the electrical parameters of the dis-
charge and on its ozone production.

This research has been supported by the Technology Agency
of the Czech Republic under contract TA03010098.
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We investigated the effect of a non-doped diamond layer deposition on the active electrode of
the dielectric barrier discharge in the air on its electrical characteristics and ozone generation.
We found that this new non-traditional application of diamond layers affects electrical
parameters of the discharge and increases not only the concentration of ozone produced by the
discharge but also ozone production yield by ~70%. Considering obtained results together with
the high corrosion resistivity and chemical inertness of the diamond layers, the application of
these layers on the dielectric barrier discharge electrode can be an interesting alternative to the
usage of photocatalysts for the enhancement of ozone generation by electrical discharges.

Keywords: diamond layer, ozone, dielectric barrier discharge, electrodes
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1. Introduction

Due to its chemical reactivity, ozone is used in a wide range of
applications such as the treatment of drinking and wastewater,
medicine, food fruit and vegetable processing, restoration of
buildings after fire and floods, etc. Ozone is usually generated
in three different ways:

e Electrochemical generation.
e Generation by ultraviolet rays.
e Generation by electrical discharges.

Most of the ozone for practical applications is generated
by electrical discharges in air or oxygen [1-6]. Ozone gen-
eration by electrical discharge in air occurs mainly in the dis-
charge volume. The main ozone-generating reaction dominant
at atmospheric pressure [7], is

O+0,+M—=03"+M —= 03 + M, (D

3 Author to whom any correspondence should be addressed.

1361-6463/20/275203+9$33.00

where M is a third-body collision partner, which in the air
is the molecular O, or N,, or a solid metallic/dielectric
surface [8].

The first ozone generation by the silent discharge was per-
formed in 1857 by Siemens, and the first ozone generator for
plant treatment was built in 1860 in Monaco. Even though the
ozone generation for practical application is used for more
than 150 years, there exist continuous efforts to increase the
efficiency of its production. These efforts are stimulated not
only by the new emerging ozone applications but also by
innovative ideas concerning optimization of ozone generators,
applications of various photocatalysts [9-12], and at the last
time usage of materials with unique properties such as enamel
or diamond layers [13-16].

The most efficient discharge for ozone generation is the
dielectric barrier discharge (DBD). The electrode system of
this discharge consists of the active and grounded electrodes,
which are separated by the layer of a dielectric material.
According to the arrangement of the dielectric barrier and con-
ductive electrodes, the DBDs exist in three forms: volume,
surface, and coplanar. The volume dielectric barrier discharge

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. The experimental setup.

Figure 2. Photo of the discharge with the active stainless-steel mesh
electrode covered by a diamond layer. Vix = 2480V, f = 10 kHz,
Quir = 1.8 slm.

(VDBD) occurs in a gas gap between two conductive elec-
trodes separated by a dielectric layer. In the case of the sur-
face dielectric barrier discharge (SDBD) the active conduct-
ive electrode of various geometries (e.g. strips, honeycombs,
mesh) is formed on one side of the plate or the cylinder made
from the dielectric material. On the other side of the plate
or cylinder is formed the grounded electrode. The coplanar
dielectric barrier discharge (CDBD) consists of one or several
pairs of parallel electrodes embedded in a dielectric mater-
ial near a surface with the discharge on the surface of the
dielectric.

The electrical properties of the discharge are strongly
affected by the properties of both dielectrics as well as con-
ductive electrodes materials. These materials are constantly
exposed to the effect of charged particles, neutral radicals,
excited species, UV radiation as well as an aggressive func-
tion of ozone when it comes into contact with the electrodes
and other materials in the ozone generator. These aspects res-
ult in the aging of the electrode materials, sputtering of elec-
trodes, and consequently, in the decrease of the electrode
system lifetime.

One of the ways to suppress the role of these effects is the
deposition of various passivation coatings on the electrode.
Our research was also inspired by the approaches which were
used to protect the electrodes by a diamond layer in electro-
chemical ozone generation [17].

We, therefore, investigated new non-traditional diamond
films application that is their deposition on the active elec-
trode of the DBD in the air at atmospheric pressure for ozone
generation. Diamond films have outstanding mechanical, elec-
trochemical, electronic, thermal, and biological properties.
Due to these properties, they have a wide range of applica-
tions, e.g. in photovoltaic, computer technology, optics, bio-
materials, medicine, etc. From the standpoint of ozone gen-
eration, important diamond properties involve chemical inert-
ness and resistance against corrosion. In the context of ozone
generation by electrical discharge, the important role is also
played by the electrical properties of a diamond. The non-
doped diamond is a dielectric material with a dielectric con-
stant €, = 5.7, the bandgap 5.45 eV, and the electrical break-
down field 107 V em~! [13].

In this work, our attention was therefore focused on the
DBD, in which the active electrode made from the stainless-
steel mesh was covered by a layer of a non-doped diamond. In
contrast with papers dealing with the preparation of diamond
layers using various types of plasma we studied the impact of
the diamond layer on the active electrode of the DBD on dis-
charge ozone production and its electrical parameters

2. Experimental setup

The experimental setup used in this study is shown in figure 1.
It consists of a discharge chamber, an air supply system, a high
voltage power supply system with electrical parameters dia-
gnostics, and an ozone monitor.

The discharge chamber, the photograph of which is shown
at the center of figure 1, was made from the polymethyl-
methacrylate Plexiglas. The active electrode is a stainless-steel
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wire mesh with square cells of inner dimensions 1 x 1 mm?.

The diameter of the wire used for the mesh was 0.4 mm. The
experiments were also performed with the same active elec-
trode, however, covered by a layer of a diamond. The act-
ive electrode was placed on one side of the high-purity alu-
mina plate of dimensions 50.8 x 50.8 x 0.635 mm. This
alumina plate had a content of Al,O3; of 96%, a dielec-
tric constant for 1 MHz of 9.6, and an electric strength of
14 kV mm~!. The square ground electrode, on the other side
of the alumina plate, was the same for both types of active
electrodes. It was made by the screen printing from the air fir-
ing nickel conductor 2554-N-3. This electrode was cooled by
a fan.

The active electrode was connected to an AC high voltage
power supply system. This system consisted of function wave-
form generator DG 1022, wideband AC power amplifier AL-
600-HF-A (output power 600 W, frequency response 20 Hz—
800 kHz) and a high-frequency high voltage transformer
AL-T1000.5 (peak voltage 10 kV, output power 1000 W and
frequency response 4—12 kHz).

The electrical parameters of the discharge were monitored
by four channels digital oscilloscope DS 1204 B (200 MHz;
2 GSa/s). The discharge voltage signal was sampled and recor-
ded on the first channel of this oscilloscope with a high voltage
probe (HVP-28HF, Pintek, division ratio 1000/1, frequency
up to 200 MHz). To determine the discharge current, we
used a signal obtained from a Pearson current monitor (PCM,
model 2877) with a bandwidth of up to 200 MHz. Aver-
age discharge power was calculated based on the following
equation:

P, =

Nl =

/ V(i) 1(0)dr %)

In this expression, T is the period, V(¢) and I(t) are voltage
and current signals respectively. For orientation power meas-
urements, we simultaneously used the Rohde and Schwarz
8015 power analyzer. The results in the following figures
are presented as functions of the power determined from
equation (2). The photograph of the discharge with the act-
ive stainless-steel electrode covered by a diamond layer, taken
with Nikon 850 camera, is shown in figure 2.

The concentration of ozone at the output of the discharge
chamber was measured by dual-beam UV ozone monitor BMT
964 BT, with the range up to 2300 ppm.

The air to the discharge chamber was supplied from an oil-
free compressor through the moisture trap MT, and the mass
flow controller MFC. On the left and right sides of the dis-
charge chamber (figure 1) can be seen three openings for input
and output air tubes.

The relative humidity of input air was measured by a sensor
RH, and the pressure in the discharge chamber was measured
with a digital manometer P. The temperature of the air at the
output from the discharge chamber was measured by a ther-
mocouple T.

3. Experimental results

3.1 Deposition of a diamond layer on the active electrode
and layer characteristics

Diamond layer on the mesh active electrode was grown by
the chemical vapor deposition (CVD) process in the large area
pulsed microwave plasma system equipped with linear anten-
nas [18]. Before diamond deposition, the stainless-steel mesh
electrode was cleaned in the ultrasound bath and seeded (nuc-
leated) by diamond nanoparticles by the following proced-
ure. This procedure includes ultrasound wash in acetone for
10 min, rinse by the flow of deionized water, then, ultrasound
wash in the isopropylalcohol for 10 min, again rinse by the
deionized water and drying by the nitrogen blowing.

Following step is the exposition of the mesh to the low-
pressure oxygen discharge to ensure hydrophilic surface
and seeding with diamond nanoparticles by the ultrasound
bath treatment in the water-based diamond powder (nom-
inal particles size 5 nm, New Metals and Chemicals Corp.
Ltd., Kyobashi) suspension for 40 min. Flat, one-side pol-
ished Si pieces, treated by the same cleaning and diamond
nanoparticles seeding procedure, were used as the reference
samples. To prevent the possible reactions of stainless-steel
mesh with the graphite table (20 x 30 cm?) of the depos-
ition system during the 20 h CVD process, the all samples
were placed on the Si/SiO, holder. The diamond deposition
was realized from the gas mixture of hydrogen—0,2 slm, car-
bon dioxide—0,03 slm, and methane—0,01 slm at total gas
pressure 0,1 mbar. The microwave power delivered from both
antennas sides was 2 x 1500 W while the average process tem-
perature measured on Si/SiO, holder was 300°C.

The diamond layers characterization was realized by
optical microscopy, Raman shift measurements, and scanning
electron microscopy (SEM). Optical microscopy images and
Raman spectra were collected using a WITec alpha 300RAS
system. The optical microscopy was done using objectives
with magnification 10x, 20x, 50x, 100x (not all shown).
All Raman spectra were measured by 532 nm laser at power
2 mW, microscope objective with magnification 100x and
grating 600 gr mm~!. The SEM and samples morphology
investigation were realized using low voltages scanning elec-
tron microscope (MAIA3, TESCAN).

The surface of the stainless-steel mesh electrode was ana-
lyzed before and after the exposure to the diamond CVD pro-
cess, while the Si samples were taken as the reference to con-
firm the diamond film growth.

The optical images and collected Raman signal on stainless
steel mesh before diamond deposition are shown in figure 3.
The optical images (figures 3(a) and (b)) demonstrate macro-
scopically not uniform morphology of the steel wire surface.
The Raman shift measurement (figure 3(c)) shows only the
noise signal (i.e. no bond vibration is detectable) of scattered
light that can be observed on the clean metal surface.

The SEM images of the stainless-steel wire with different
magnification (see the scale bar) are shown in figure 4. The sur-
face micro-roughness and deep voids in the wire can be seen
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Figure 3. The optical images of stainless-steel mesh captured with the objective of 10X (a) and 100X (b) magnification and collected

scattered Raman signal (c).

Figure 5. The optical images of stainless-steel mesh after the diamond deposition captured with the objective of 10x (a) and 100x (b)
magnification and collected scattered Raman signal (c).

on these images, i.e. the wire surface cannot be assumed as flat
even for micro-size areas.

The optical images of stainless-steel mesh and Raman
signal after the diamond deposition are shown in figure 5.
These images (figures 5(a) and (b)) show change of stainless-
steel color related to processing by the CVD while the
color variations within the captured surface can be of the
different reason (e.g. light interference via diamond layer,

total surface roughness or layer delamination). The Raman
shift measurements demonstrate the signal intensity vari-
ation within the scanned area (not shown here) as well. The
as-measured Raman shift spectrum, a representative for the
deposited layer, is shown in figure 5(c). The bands observed
in the spectrum reflect characteristic fuaters of diamond layers
[19]. In this case, the diamond peak (centered at 1335 cm™ 1)
is significantly affected by the strong disordered carbon band
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Figure 6. The SEM images of stainless-steel mesh after the diamond deposition, with different magnification.

(centered at 1350 cm™"). The band related to graphitic phase
is centered at the 1604 cm™'. In general, the measured spec-
trum confirms the deposition of the diamond layer onto the
stainless-steel mesh surface.

The SEM images of stainless-steel mesh after the diamond
deposition are shown in figure 6. The SEM images show
cracking and delamination of the deposited layer on the large
areas (see large scale image), while the remained diamond lay-
ers demonstrate cauliflower-like structures consisting of ultra-
small clustered grains typical for diamond films deposited in
the linear antenna system [18]. Although the diamond layers
delaminated from the mesh (see small scale image) the mesh
surface in these places seems to be remained covered by nano-
structured features. The partial delamination of a diamond is
in agreement with a variation of Raman signal intensity and
assumed to be caused by not homogeneous mesh surface and
not optimal diamond adhesion. Here it needs to point out that
the Raman shift signal measured on the mesh area exposed to
plasma discharge during the CVD process varied in the intens-
ity but never dropped to the level of noise signal of the clean
mesh (figure 3(c)).

3.2. Discharge ozone production

The experiments concerning the discharge ozone production
and its electrical characteristics were performed with the ambi-
ent air and the flowrate 1.8 slm. The relative humidity of air
in the input of the discharge chamber was 20%. The discharge
was driven by sinusoidal voltage.

The present ozone generators work in a wide range of fre-
quencies, starting from the frequencies from the mains sup-
ply of 50 Hz, medium frequencies to 10 kHz, up to the high
frequencies about approximately 25 kHz. Considering this
range of driving voltage frequencies, our experiments were
performed with frequencies 7 and 10 kHz.

The quantity which determines the concentration of ozone
produced by the discharge is the amount of energy applied
to the discharge. This energy depends on the combination
of the discharge voltage and frequency. Generally speaking,
high discharge voltages increase the stress on the dielectric

resulting in more frequent failures of the device. By using
higher frequencies and lower discharge voltages, the dielec-
tric stress is minimized. There is, therefore, a space to vary the
discharge voltage or frequency to optimize electrical paramet-
ers of the discharge and requirements applied to properties of
materials used for the electrode systems.

The discharge voltage, in case of the surface dielec-
tric barrier discharges, affects the area covered by the
microdischarges. When the voltage is increased, the num-
ber of microdischarge channels grows; consequently the area
covered by the microdischarges also increases [20].

The frequency of the driving voltage influences discharge
properties through the interaction of microdischarges with
residual charges left on the dielectric surface during the whole
discharge cycle, as well as the influence of excited species
generated in one microdischarge on the formation of another
microdischarge [21] Thus, for example, if this frequency is
too low to keep the microdischarge remnants from dissipation
(low frequency means that the period is longer than the typ-
ical lifetime of the microdischarge remnant), microdischarge
repulsion effects are not observed [22].

In our paper, our attention is focused on the effect of
the diamond layer on the active electrode of the dielectric
barrier discharge on its ozone production. This is a reason
why we present our results as a function of a quantity that
involves both discharge voltage as well as the frequency of
the driving voltage simultaneously, that is on the discharge
power. In this context, it should also be mentioned that for
the constant airflow rate through the discharge chamber, the
discharge power is directly proportional to the specific input
energy, which is sometimes also used for the presentation of
obtained results.

The measurements were performed in cycles. In each cycle
was, first of all, recorded the initial air temperature at the
output from the discharge chamber, then the discharge was
switched on. After adjusting the discharge voltage, the con-
centration of ozone increased and reached a certain max-
imum. The value of this maximum concentration was recorded
together with the temperature of output air and electrical sig-
nals. After each concentration measurement, the discharge was
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Figure 7. Ozone concentration versus average power for the discharge in the air with the mesh or the mesh covered by the layer of a diamond
electrode and frequencies of the driving voltage 7, and 10 kHz. Full symbols—frequency 7 kHz; half-empty symbols—frequency 10 kHz.

switched off, and the next measurement cycle was performed
when the temperature of output air reached the initial value.
Depending on the applied voltage, the maximum increase of
air temperature at the output from the discharge chamber dur-
ing one measurement cycle was about 5°C for the discharge
with the diamond layer.

The dependence of ozone concentration produced by the
discharge versus average discharge power for the discharge
with the mesh active electrode and the mesh with the dia-
mond layer active electrode is shown in figure 7. As a source
for calculation of error bars, we used the standard deviation
of data.

From figure 7, it can be seen that the deposition of the
diamond layer on the mesh electrode for particular discharge
power increases the concentration of ozone generated by the
discharge by more than 70%. This result was obtained for both
frequencies of the driving voltage.

To evaluate the mass of ozone produced by 1 kWh of
energy, the ozone production yield « is used [4, 5]. This quant-
ity is defined by the following equation:

2.144 x Ozone concentration x Airflow
xX=

3

Power

In this equation, 2.144 kg m~3 is the density of ozone at
STP. For our experimental conditions, that is airflow rate of
1.8 slm, we for the ozone production yield obtain:

_0.231 x O3 [ppm]

Pos W . [ekWh™']

“

The numerical constant 0.231 involves the density of ozone
(2.144 kg m—3) as well as all conversion factors of the airflow
rate and energy.

The dependence of the ozone production yield on average
discharge power for the discharge with the stainless-steel act-
ive electrode, and this active electrode covered by a layer of
a diamond is shown in figure 8. Similarly, as in the case of
figure 7, as a source for calculation of error bars, we used the
standard deviation of data.

From this figure, it can be seen that the deposition of the dia-
mond layer on the active electrode of the discharge increases
ozone production yield within all range of investigated powers
by ~70%. Another conclusion that can be taken is that the
ozone production yield, when presented as a function of the
discharge power, does not depend on the frequency of the driv-
ing voltage.

The interesting conclusions can be made based on a com-
parison of the results presented in figures 7 and 8 with the
results of the ozone generation enhanced by the presence of
photocatalysts in the discharge region.

The review of the history and development of plasma-
assisted catalysis, focusing mainly on the use of atmospheric
pressure, non-thermal plasma is given in [9]. There also exist
numerous works dealing with the effects of various photocata-
lysts placed as layers or three-dimensional objects in different
regions of DBD ozone generators. Thus, in our previous paper
[10], we showed that the placement of a layer of the TiO,
photocatalyst on the plane opposite to the active electrode
of the dielectric barrier discharge increases the maximum
concentration of ozone generated by the discharge by ~20%.
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Figure 8. Ozone production yield versus average power for the discharge in the air with the mesh or the mesh covered by the layer of a
diamond electrode and frequencies of the driving voltage 7 and 10 kHz. Full symbols—frequency 7 kHz; half-empty symbols—frequency

10 kHz.

It should be pointed out that activation of the photocatalyst
was by UV radiation generated by the discharge. The TiO,
deposited on various regions of the dielectric plate carrying
the active electrode differently affects SDBD ozone produc-
tion. The best results from the standpoint of ozone production
were obtained when the TiO; layer was deposited only on the
surface of the active electrode. The increase in the concentra-
tion of ozone produced by the discharge reached ~10% [11].
The energy efficiency of generating ozone in the DBD/TiO,
system has been approximately raised by 38% compared to
the pure DBD [12].

From this comparison, it can be concluded that for ozone
generation by DBD is the deposition of the diamond layer on
the active electrode more efficient than the application of the
TiO, photocatalyst.

4. Discussion

Our results showing the increase of ozone concentration and
ozone production yield when the diamond layer is deposited
on the active electrode of the discharge could be at least qual-
itatively understood based on the change in the DBD mechan-
ism and associated changes in the plasma-chemical processes
leading to the ozone production.

First of all, it should be mentioned that the conductive mesh
electrode is in our experiments in contact with the dielec-
tric plate at the point of intersections of orthogonal wires
creating the mesh and in between these points the wires are
at a small distance from the alumina plate. This is a reason

why the discharge with the stainless-steel mesh active elec-
trode (conductor) on the dielectric alumina plate (dielectric,
e, = 9.5) could be considered as a certain combination of the
volume and the surface discharge. On the other hand, when
the stainless-steel mesh electrode covered by a layer of the dia-
mond (the conductor is embedded in the dielectric of &, = 5.7)
is placed on the alumina plate (dielectric), the discharge could
be considered as a certain combination of the volume and the
coplanar discharge.

According to the comprehensive review of the DBD mech-
anism [20], all types of DBDs (volume, surface, and coplanar)
exist in pre-breakdown, streamer and decay phases. The
importance of discrete phenomena in each of these three
phases and for various types of streamers varies, and differ-
ently affects the discharge performance. From the standpoint
of reactive particle generation, the most important of these
phases is the streamer phase. Thus, for this phase and the
cathode directed streamer, the main source of electrons is pho-
toemission from surfaces. Other sources, such as the emission
of secondary electrons due to the impact of positive ions on the
cathode, do not play a comparable role. In the case of SDBD,
the distinct microdischarge channels develop along the con-
ductive electrode on the dielectric surface. The performance
of the discharge is therefore, except the type of the gas or elec-
trode geometry affected by the properties both of the dielectric
material (alumina, quartz, macor, ceramic, PTFE) as well as by
the properties of the conductive electrode (copper, aluminum,
nickel, stainless-steel). Another aspect that is associated with
the fact that diamond is a dielectric material is that its layer
on the active conductive electrode causes the appearance of
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Figure 9. Electrical parameters of the discharge in air. Vuoxr = 2440 V, f = 10 kHz, Qi = 1.8 slm.

surface charges. These surface charges affect the ion-induced
secondary emission [23]. It, therefore, is seen that both photoe-
mission as well as the ion emission current, and consequently,
the discharge current is influenced by the type of solid
surfaces.

To demonstrate the effect of a diamond layer on the active
electrode on the discharge current, we measured the discharge
current for particular voltage first of all for the discharge with
the stainless-steel active electrode and secondly for this elec-
trode covered by a diamond layer. The illustrative results for
the frequency of the driving voltage 10 kHz and the voltage
amplitude 2440 V are shown in figure 9.

The first row of this figure shows the driving voltage wave-
form. In the second row (Mesh) is shown the discharge cur-
rent for the discharge with the stainless-steel mesh electrode.
The third row (Mesh + diam) shows discharge current for this
electrode covered with the diamond layer. Finally, the fourth
row (Mesh + diam/mesh) gives the ratio of the discharge cur-
rent for the discharge with the mesh electrode covered with the
diamond layer and the current of the discharge with the clean
mesh electrode. From this comparison, it is seen that in case
of the discharge with the active electrode covered with a layer
of a diamond (Mesh + diam), for the negative polarity of the
driving voltage, there appear current peaks which are up to 100

times higher than the current peaks for the discharge with the
clean mesh electrode (Mesh).

This observation is similar to the effect described in [24],
which was devoted to the influence of photocatalytic material
TiO, on the dynamic of the plasma current amplitude in a bar-
rier discharge. According to this paper, the high current peaks
begin probably because of the local electric field enhancement
due to the high dielectric constant of TiO, nanoparticles. Even,
the diamond dielectric constant is much lower, cold emission
from the diamond surface can significantly contribute to cur-
rent peaks. However, the exact cause of this effect still needs
to be investigated.

5. Conclusions

We studied the effect of a non-doped diamond layer deposited
on the active electrode of the dielectric barrier discharge in
the air at atmospheric pressure on its electrical characteristics
and ozone generation. We showed that this new non-traditional
application of diamond layers substantially increases not only
ozone concentration produced by the discharge but also ozone
production yield. Our conclusions, for both investigated fre-
quencies of the driving voltage 7 kHz and 10 kHz, can be sum-
marized as follow:
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e In comparison with the discharge with the stainless-steel
active electrode, in case of the discharge with this active
electrode covered by the diamond layer, there appear
high current peaks for the negative polarity of the driving
voltage.

o The deposition of the diamond layer on the active electrode
of the discharge increases maximum ozone concentration
by ~70% in comparison with the ozone concentration gen-
erated by the discharge with the active electrode without a
diamond layer.

e The deposition of the diamond layer on the active elec-
trode of the discharge increases ozone production yield
by ~70%.

Considering the obtained results together with the high cor-
rosion resistivity and chemical inertness of the diamond lay-
ers, the application of these layers on the dielectric barrier dis-
charge active electrode can be an interesting alternative to the
application of photocatalysts for ozone generation. It should
be, however, mentioned that to assess from all standpoints
the specific effect and possible benefits of diamond layer on
the active electrode of the surface dielectric barrier discharge
for ozone generation, further comparative studies with other
dielectric coatings are needed.
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This study examines the effect of airflow orientation with respect to the strip active electrode on
concentration of ozone and nitrogen dioxide produced in a planar generator based on the surface
dielectric barrier discharge. The orientation of the airflow was tested in parallel and perpendicular
with respect to the strips. It was found that in the investigated range of average discharge power,
the ozone concentration increases approximately by 25% when airflow was oriented in parallel
with respect to the strips in comparison with perpendicular orientation of the airflow. Similarly the
increase of nitrogen dioxide concentration was observed for parallel orientation of the airflow with
respect to the strips in comparison with the perpendicular orientation of the airflow. Within the
range of wavelengths from 250 to 1100 nm, the changes of intensities of spectral lines associated
with airflow orientation have been observed. A 3D numerical model describing ion trajectories and
airflow patterns have also been developed. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4966603]

I. INTRODUCTION

Ozone is a powerful oxidizing agent with very good dis-
infecting and reacting properties. It is used, for instance, in
the treatment of drinking water, in the papermaking industry,
in odour removal products, in medicine, in sterilization, in
stomatology, in decontamination of biologically polluted
environments, etc. A wide spectrum of ozone applications,
coupled with the fact that ozone is an unstable gas that is
generated at the site of its use or consumption, has led us to
construct an ozone generator in a way that maximizes its
efficiency and ozone yield production, and reduces produc-
tion costs.

The ozone generators based on the dielectric barrier
discharge (DBD) date back to 1857 and to the discovery
ascribed to the German electrical engineer Werner von
Siemens.' Studies”™ describe the application of the surface
dielectric barrier discharge (SDBD) not only for ozone gen-
eration, but also for numerous industrial applications (such
as plasma displays, CO, lasers, planar excimer ultraviolet
lamps and air control), in medicine and for surface treatment
of materials including the application of thin layers.

Generation of ozone from air by electrical discharge is a
complex process,” 2 which, apart from the type of the work-
ing gas (air, oxygen), electrical parameters of the discharge,
pressure, temperature, humidity, etc., depends also on the
flow of the working gas in the discharge chamber.

There exist various papers describing the effect of air-
flow on the discharge performance and on discharge ozone
generation.”'® Important paper describing the effect of air

Y Author to whom correspondence should be addressed. Electronic mail:
mikes.jan@fel.cvut.cz.

0021-8979/2016/120(17)/173301/10/$30.00

120, 173301-1

flows on repetitive nanosecond pulse discharges with a plate-
plate electrode configuration is Ref. 14. Presented results
show that the volume discharge in the gap strongly depends
on the airflows, and the corresponding images show that the
discharge modes vary from filament to diffuse modes when
the airflow is applied. The effect of the flow rate on silent
discharge ozonizer performance has been investigated in
Ref. 15. It was shown that the flow rate of the working gas is
a more effective parameter on ozone concentration than for
example, gas pressure. The effect of the air flow rate on
ozone generation by pulsed streamer discharge in air was
studied in Ref. 16. The results indicate that ozone concentra-
tion is increasing with the voltage but decreasing with the
flow rate. The relationship between residence time and con-
centration of produced ozone is also discussed. The effect of
oxygen flow in two opposite directions on ozone synthesis
for concentric actuator has been investigated in Ref. 17. It
was shown that the gas flow direction practically does not
influence concentration of ozone produced by the discharge.

In our paper we present our results of the systematic
study of surface dielectric barrier discharge ozone generation
in dependence on two different airflow orientations that is
parallel or perpendicular with respect to the strips of the
active electrode. As long as the generation of ozone from air
by electrical discharge could not be separated from the pro-
duction of nitrogen oxides, we also examined the effect of
airflow orientation on the production of nitrogen oxides.
Plasma chemistry of this process is rather complicated.'®'?
Production of nitrogen oxides from the standpoint of ozone
generation represents certain drawbacks, however, on the
other side, nitrogen oxides exhibit important antimicrobial
effects.'!

Published by AIP Publishing.
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In order to have a deeper insight into the effect of air-
flow orientation with respect to the strip electrode on the dis-
charge performance we also studied the emission spectra of
the discharge.

Apart from it, a 3D numerical model describing ion trajec-
tories and airflow patterns in the discharge chamber has also
been developed. Even though numerical experiments appeared
in studies examining the effect of airflow on SDBD'®2? it was
not possible to completely transfer the methods presented in
these papers to the solution of our problem. In most cases, the
reasons are an inadequate description of the parameters choice
(both physical and discretization ones), vague elimination of
the model’s singularities, and finally insufficient specification
of initial and/or boundary conditions. The key points of our
own numerical method together with presentation of all the
parameters will be described in the section devoted to the
numerical model. The mathematical analysis of the numerical
solution will be the subject of our future paper.

Il. EXPERIMENTAL ARRANGEMENT

The experimental arrangement, which is shown in
Figure 1, consists of surface dielectric barrier discharge
ozone generator with a cooling system, an electrical supply
unit with diagnostics, an air supply system, instruments for
analysis of output products and spectrometers.

An ozone generator in the shape of a box, is made from
polymethyl-methacrylate plexiglass. The bottom side of the
box is formed by a dielectric alumina plate carrying the elec-
trode system. Active electrode of the system in the form of
nine interconnected strips on the upper side of the plate is
opened to the discharge chamber. The grounded square elec-
trode on the lower side of the plate is placed on a cooler so
that there is both thermal as well as electric contact between
this electrode and a cooler.

The alumina plate has a content of Al,O3 of 96%, a dielec-
tric constant for 1 MHz of 9.6, electric strength of 14kV/mm
and the heat conductivity for a temperature of 25 °C of 24 W/m
K. The dimensions of this plate were 50 x 50 x 0.635 mm.

Both active strip electrode, as well as grounded square
electrode, were screen printed on the dielectric plate using
conductive DuPont 9538 nickel paste. The geometry of the
active strip electrode and the grounded electrode is shown in
Figures 2 and 3, respectively.

discharge chamber

103¥H optical
— strip fior @
= electrode \ ?n?isture
rap
grounded é

electrode

O3 Monitor exhaug
—_—

water pump

e | E=EEH(G) /
t

Peltier element

cooler water-air

water coolers’ L DC regulation

temperature feedback loop

FIG. 1. Experimental arrangement.
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FIG. 2. Geometry of the strip active electrode.

To control the stability of output air temperature, a dis-
charge chamber water cooling system was used. The cooling
element Alphacool GPU HF 14 was in contact with the side of
dielectric plate carrying the grounded electrode. This cooling
element was connected via an identical cooler through
polyvinyl chloride (PVC) tubes with a water pump (150 m*/h)
and a 2 | water reservoir. The second Alphacool GPU HF 14
element was in contact with the Peltier element TEC1-12703,
which was cooled by a Cooler Master Seidon 120 V compact
cooler. The temperature was controlled by a Peltier controller
QC-PC-COIC. Dimensions of the Peltier element were
40 x 40 x 4.7mm. The parameters of the Peltier element were
adjusted in such a way that the temperature of air at the output
of the discharge chamber was kept constant at 25 °C.

To study the effect of airflow orientation with respect to
the strip electrode on ozone and nitrogen oxides concentrations
and on emission spectra of the discharge, on each side the dis-
charge chamber were three openings to which were connected
tubes for input and output of air. We used three inputs and

50 mm
42 mm

Y " 10mm

50 mm

FIG. 3. Geometry of the grounded electrode.
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FIG. 4. Geometry of the inputs and outputs of air from one side of the dis-
charge chamber.

outputs in order to have airflow patterns in the discharge cham-
ber more laminar than in case of only one input and output. The
geometry of air inputs and outputs, which is shown in Figure 4,
is on each side of the discharge chamber identical. On each of
the tubes there was a valve, so that it was possible to close any
input or input tube. Our experiments were performed with air-
flow parallel or perpendicular to the strip electrode. Thus for
example, for perpendicular airflow, the valves on 3 tubes allow-
ing input of air and 3 tubes allowing output of air along the
strips were closed. This situation could be seen in Figure 5.

The geometry of inputs and outputs of air from one side
of the discharge chamber is shown in Figure 4.

The experiments were performed with a sinusoidal driv-
ing voltage of 10.9kHz. On the first channel of an ADS
1102 CM digital storage oscilloscope (150 MHz) we sampled
and recorded the discharge voltage through the high voltage
probe (HVP-28HF, Pintek; division ratio: 1000/1; frequency:
up to 200 MHz) to determine the average discharge power.
To determine the discharge current we used a signal obtained
from a Pearson current monitor (PCM, model 2877). For the
purpose of this paper, the amplitude of the discharge voltage
is referred to as a discharge voltage. The average discharge
P4y power was calculated on basis of the following equation:

1 T
Pay :TJ U() - 1(r) - dt, eY)
0

FIG. 5. Photograph of the discharge in ozone generator (Perpendicular air-
flow orientation with respect to the strip electrode).

J. Appl. Phys. 120, 173301 (2016)

where T is the period, and U(¢) and I(¢) are voltage and cur-
rent signals, respectively.

The air supply system consisted from a compressor, a
mass flow controller and a moisture trap. The air from a
compressor, was through a mass flow controller and a mois-
ture trap supplied to the discharge chamber. The pressure
P in the discharge chamber was measured using Lutron
VC-9200 vacuum meter. The relative humidity RH of input
air was measured with GMH 3330 device, which was placed
between the moisture trap and input to the discharge cham-
ber. The temperature T of the output air was measured using
thermocouple thermometer.

The ozone concentration was measured by absorption of
the 254 nm UV spectral line using an API 450 monitor with
the upper limit of ozone concentration of 5000 ppm. To mea-
sure concentrations of nitrogen dioxide and nitrogen oxide, a
GA-60 gas analyzer equipped with various electrochemical
cells has been used. The upper limit of nitrogen dioxide con-
centration was 1000 ppm.

To study the effect of airflow orientation with respect to
the strip electrode on discharge emission spectra we used two
HR2000+ spectrometers, the first one for the range of wave-
lengths from 250 to 700nm and the second one for wave-
lengths from 680 to 1100 nm. As it is seen in Figures 1 and 5,
the emission spectra were collected by optical fiber through
an opening in the upper side of the discharge chamber.

A photograph of the discharge in ozone generator with
perpendicular airflow orientation with respect to the strip
electrode is shown in Figure 5.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

All experiments were performed with constant airflow
through the discharge chamber of 1.8 slm and relative humid-
ity of air ~4%. Due to the constant mass flow of air there was
a small overpressure of about 4 Torr in the discharge chamber
with respect to the atmospheric pressure. The temperature of
input air was equal to the ambient temperature of the labora-
tory; the temperature of air at the output of the discharge
chamber 25 °C was kept constant using the cooling system.

A dependence of ozone concentrations as a function of
average discharge power for parallel and perpendicular air-
flow orientations with respect to the strip electrode is shown
in Figure 6.

It can be seen in Figure 6 that the concentration of ozone
produced by the discharge with parallel airflow orientation
with respect to the strip electrode is higher for the same aver-
age power than for the configuration with perpendicular air-
flow orientation with respect to the strip electrode.

Important quantity from the standpoint of practical
applications is the ozone production yield, which expresses
the amount of energy required for production of 1 g of ozone.
Ozone production yield « is defined in the following way:

“_21 44 x (ozoneconcentration) x airflow x 6 x 107*[ g
B Pay kWh |’

2
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FIG. 6. Ozone concentration versus average discharge power for two airflow
orientations with respect to the strip electrode.

where the concentration of ozone produced by the dis-
charge is substituted in parts per million, the airflow in stan-
dard litres per minute, and the average discharge power in
watts.

Ozone production yield for parallel and perpendicular
airflow orientations with respect to the strip electrode is
shown in Figure 7. From this graph, it could be seen that
ozone production yield for parallel airflow orientation with
respect to the strip electrode is higher than for the perpendic-
ular airflow orientation, therefore this type of airflow is more
favorable for practical applications.

As long as the generation of ozone from air by electrical
discharge could not be separated from the production of
nitrogen oxides we also examined the effect of airflow orien-
tation on the production of nitrogen dioxide. The nitrogen
dioxide concentrations for parallel and perpendicular airflow
orientations with respect to the strip electrode are shown in
Figure 8.

From this figure, it can be seen that for particular dis-
charge, power concentration of nitrogen dioxide is higher for
parallel orientation of airflow with respect to the strip

%0 Paralle| airflow
80 -
70
60

50 — /

40 -

] Perpendicular airflow

30

20

Ozone production yield (g/kWh)

T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8

Average discharge power (W)

FIG. 7. Ozone production yield versus average discharge power for two air-
flow orientations with respect to the strip electrode.
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FIG. 8. Nitrogen dioxide concentration versus average discharge power for
two airflow orientations with respect to the strip electrode.

electrode than for perpendicular orientation. Apart from it,
concentration of NO, increases steeply with the average
power.

Besides nitrogen dioxide concentration dependence ver-
sus average discharge power we also measured the concen-
tration of nitrogen monoxide within the same range of
average discharge power from 0 to 6 W. We found that for
all this, the range concentration of nitrogen monoxide was
below the detectable limit of our instrument. This result
coincides with the facts mentioned and explained in Refs. 11
and 30.

In order to have a deeper insight on the effect airflow
orientation with respect to strip electrode on the discharge
performance and its ozone and nitrogen oxides production
we also investigated the change in emission spectra of the
discharge for these two flow orientations. In the following
Figures 9 and 10 are shown emission spectra of the discharge
for the range of wavelength 250-700 nm and 680—-1100 nm
respectively. These spectra, which were taken for the same
discharge voltage 4300 V, are given for both airflow orienta-
tions with respect to the strip electrode.
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800 4
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FIG. 9. Emission spectra intensity for the range of wavelength 250—700 nm

for two airflow orientations with respect to the strip electrode and for the dis-
charge voltage 4300 V.
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FIG. 10. Emission spectra intensity for the range of wavelength
680-1100nm for two airflow orientations with respect to the strip electrode
and for the discharge voltage 4300 V.

From Figures 9 and 10 could be concluded that for both
ranges of wavelengths the intensities of spectral lines for the
same discharge voltage are higher in case of parallel airflow
compared to that in the perpendicular airflow.

The results presented in Figures 6-10 show that ozone
concentration, ozone production yield, nitrogen dioxide con-
centration, and discharge emission spectra depend on orien-
tation of airflow with respect to the strip active electrode.
This result could be at least qualitatively explained by com-
bination of several effects.

The first effect is based on the change of electric field
associated with flow orientation. The higher electric field in
case of parallel airflow could be caused by faster removal of
residual charged (ionic) species left behind by the discharge
event that otherwise, lowers the electric field necessary for
the next discharge event for the same input energy condition.
The species important for ozone formation are among others
nitrogen ions involved, e.g., in the second positive system of
nitrogen C°IT, — BT, and the first positive system of
nitrogen B*TT, — A3Z!. The lifetime of AT is of the
order of around 102 s (Ref. 31) and is much longer than the
half-period of the discharge voltage. The metastable state of
ions A3Zf{ forms a reservoir of energy at the time of forming
the discharge.’>** If the airflow orientation is parallel with
respect to the strip electrode (i.e., perpendicular to the micro-
discharge channels), the ions in this metastable state are
removed from the area of discharge and consequently a
higher voltage is needed to maintain the discharge.
Therefore, ozone concentration is also higher due to the
increased voltage. If the airflow is oriented perpendicularly
with respect to the strip electrode, the ions in these metasta-
ble states are transferred within individual microdischarges
(particles move in a parallel direction along the microdi-
scharge length), they are not removed, and hence there is no
increase in the discharge voltage and ozone concentration
(Fig. 11).

The second effect could be associated with the influence
of airflow orientation on microdischarge dimensions and
consequently on the residence time. The longer the residence
time, the probability of dissociation of oxygen molecules

J. Appl. Phys. 120, 173301 (2016)
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FIG. 11. Dependence of the discharge voltage versus average discharge
power for two airflow orientations with respect to the strip electrode.

into atomic oxygen increases and hence the ozone generation
also increases. The residence time can be taken as a ratio of
the dimensions of the region in which the ozone generation
occurs and the air velocity. According to Ref. 15 the ozone
generation in dielectric barrier discharge takes place mainly
in microdischarges. The microdischarge radius is according
to approximately 100-200 um and its length (depending on
the polarity of the surface electrode) is of the order of a milli-
meter.* As long as the magnitude of air velocity at a particu-
lar point of the discharge chamber is the same for both
orientations of airflow, the residence time is influenced only
by the dimensions of the microdischarge channels. The
dimensions of the microdischarge channels could be changed
due to the fact that the particles are dragged by the airflow.
Thus the relative change of radius of the microdischarge for
the case of parallel airflow with respect to strip electrode is
greater than the relative change of the length of the microdi-
scharge channel for the case of perpendicular airflow with
respect to the strip electrode.

IV. NUMERICAL MODELLING

In order to have a deeper insight into the observed
effects, a mathematical model has been proposed accompa-
nied by a numerical solution using our original numerical
method. The list of used symbols is given in the Appendix.

A. Mathematical model

We assume Q C R> to be a bounded domain and 7 > 0 a
given time. We set Oy = Q x [0, T] and by 0Q we denote the
boundary of Q. Furthermore, we assume Q to be a composi-
tion of two disjoint domains, Q = Qp;, U Qy;, and JQ to con-
sist of several disjoint parts, 0Q = I'gpq U Tways, where
1—‘Wal/s = FBufmmWa//s U FT()pWalls U 1—‘In U 1—‘0141‘ (See Figllre 2)
Furthermore, the interface between Qp,, and Qy;, consists of
two diSjOiIlt parts, 0Qpie N OQuir = Tairronic U 1"5,,‘,‘,,.

In the definition of the model describing the SDBD we
follow the models from Refs. 20, 25, and 27. Hence, we start
with the relation between the electric field £ : Or — R3 and
the electric potential ® : Or — R
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E =—-V®inQr, (3)

where V denotes the gradient with respect to the space vari-
able. Following the reasoning introduced in Ref. 20, we
model the electric field by means of the Poisson equation,
where we assume the potential to be decomposed into two
parts: one being a potential induced by the external electric
field, ¢ : Or — R, and the other being a potential induced by
the net charge density in the plasma, ¢ : Qu; X (0,T) — R,
ie.,®= ¢+ ¢and

V- (eaireoVep ) = —e(n, — n;)  inQyi x (0,T), (4)
V- (ee0Ve) =0 inQr, )

where V- represents the divergence operator, 7, : Q4 X (0,T)
— R denotes the electron density, n;: Qa; X (0,T) — R
denotes the ion density, & = 8.85 x 10712 % is the vacuum
permittivity and the piecewise constant function &, is the rela-
tive permittivity of air (s,-|QAir = &4, = 1.0006) and dielectric
material (& |, = épie = 9.6), and e = 1.6022 x 1079C is
the elementary charge. The time evolution of electron and ion
densities is determined by the continuity equation where the
ionization rate is expressed as a function of the electron flux
and the Townsend coefficient, i.e., the time evolution equations
are described as follows:

on; - B - 5
" +V~(n,~V,-) =A-p- exp{—_.p}Hnng

o |IE]]
—rnin, in Qyu x (0,7) 6)
8116 - B p
+V- (1 Vo) =A-p-expd ——— tn. Vel
o |IE]]
— Irn;n, in QA,‘,~ X (O, T) (7)

where exp { } stands for the classical exponential function, ‘7; :
Quir x (0,T) — R® is the ion velocity field, V,: Qi
x(0,T) — R? is the electron velocity field, p = 760 Torr is
the constant air pressure, r = 2 X 1072 m3s~! denotes the
electron-ion recombination rate and A = 1.5 x 103 m~' Torr™!
and B =3.56 x 10 Vm~! Torr~! are pre-exponential and
exponential constants, respectively. For the sake of complete-
ness, it should be noted that || -|| represents the usual
Euclidean norm in R?. Further, using the so-called Drift-
Diffusive model we rewrite electron and ion fluxes as

n; ‘7,' =n; ,U,E — D,-Vn,- in QAir X (0, T), (8)

—

nVe=—n,u,E —D,Vn, inQy x (0,T), (9)

where #3:4.4:10‘ [m2v-"'s'] and 'ui:ms?lo*‘ [m2v-'s-1]
are the electron and ion mobility coefficients, respectively,
and D, =% T, [m2s7!] and D; = b 1, T; [m2s!] are the
electron and ion diffusion coefficients, respectively, where
kg = 1.3806488 x 107> m?kgs >K~! is Boltzmann’s con-
stant, 7, = 60000K is the electron temperature, and 7;
= 300K is the ion temperature. All the constants were taken
from the literature.>*

J. Appl. Phys. 120, 173301 (2016)

The numerical solution of equation (5) can be com-
puted independently of the remaining equations. Then, by
substituting (3), (8), and (9) into (6) and (7) and using the
results of (5) we can reduce the problem to three scalar
equations for three scalar unknown quantities (¢, n;, n,) and
compute the remaining entities afterwards.

It remains to formulate the initial and boundary condi-
tions for (¢) and (o, n;, n.). We assume the following:

$(x,00=0 inQ, (10)

¢ (x, 1) = Ugmp sin(wt) on gy % (0, T), (11
¢(x,1) =0 on I'ge x (0,T),

Vé-7i=0 onTyus x (0,T), (12)

@(x,0) =0, ni(x,0) =ng, n.(x,0)=np in Qu;, (13)

@(x,1) =0, ni(x,t)=0 onlgy, x (0,T), (14)

V(/) (x7 t) -71=0 on 1—‘TopWalls U 1—‘In U 1—‘Om‘ U 1—‘AirToDie X (07 T)7

(15)

Vn,-(x, t) : ﬁ =0 on l—‘T()pWalls U Fln U 1—‘Out U l—‘Air'ToDie X (0: T),
(16)

Vine(x,t) -1 =0 on 9Qu; x (0,T), 17)

where 77 denotes the outer unit normal vector to I', ng = 2
x10° m™3 is the reference density,22 Uamp = 3.1kV is the
discharge voltage, o = 2nf is the angular velocity, and
f = 10.9kHz is the frequency.

Moreover, we study the airflow in the ozone generator.
We consider air to behave as an incompressible Newtonian
fluid, i.e., its flow is governed by the following Navier-
Stokes (N-S) equations:

VvV =0, (18)

—

8\/ — — —
Pt oV -VV — u,;, V>V = -VP, (19)

where V 1 Qu;r X (0,T) — R> denotes the air velocity field,
P: Quir X (0,T) — R denotes the air pressure, p = 1.225kgm >
stands for the constant air density, and py; =1.8860763
%1073 kgm's~! denotes the constant air viscosity. The initial
and boundary conditions are assumed to be as follows:

V(x,0)=0 inQy, (20)
V(x,£) =0 on sy UTuiropie U Tropwans x (0,T), (21)
‘7()(?, Z) = ‘7,‘,,()(, t) on Fin X (Oa T)7 (22)
v
%(x, £)=0 on Iy, x(0,7T), (23)

where V;, (x,t) = 3.1831ms~ ! in ', x (0, T) is the constant
inlet velocity of air.

It should be noted that we neglect here the effect of the
SDBD on the airflow since our aim is only to illustrate the
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airflow patterns for different cases of inflow orientations
with respect to the strip electrode. Even though we are able
to compute the effect of the SDBD on stationary air, we are
not able to solve a similar problem for low-speed airflow. It
is a fact® that the characteristic timescale in the system
describing the SDBD is of an order of magnitude of
0(107%) s for electron flux and for low-speed airflow it is of
an order of magnitude of O(107")s, i.e., the computational
cost is unbearable.

B. Numerical method

The solution of the presented models starts with the
process of non-dimensionalization. Motivated by the non-
dimensionalization scheme presented in Ref. 24, we introduce
new variables and new dimensionless quantities as follows:

r:é, xj=Lz(j=1,2,3), x =Lz n,=nN,,
ks, .
ni=nN, ®==L"Ld, V=3V, P=pP,

e

where L = 0.05m is the so-called characteristic length, Vj
= 1ms™! is the so-called characteristic velocity, and P
= pV? is the so-called characteristic pressure.

Further, we define the Galerkin weak formulation for
the SDBD model and use a standard finite element method
(FEM) method with Lagrangian elements of the first order
for the discretization in space variable. The time discretiza-
tion for the SDBD is based on the Backward difference for-
mula of the second order (BDF-2) scheme.

In particular, we introduce an approximation of the
obtained discrete problem where we replace the ionization rate

exp {7%}Hneuev<l) —D,Vn,| by its linear approxima-

tion using the solutions from the previous time step. More pre-
cisely, the linear approximation is performed using the Taylor
series and by taking extra care of cases where the approxima-
tion is not defined, i.e., everywhere ||[V®| and ||n.u,V®
—D,Vn,|| are zero or close to zero. The problem here is not
only a correct definition of linear approximation of the ioniza-
tion rate term but also careful handling of the machine’s preci-
sion in the process of linearization. Absolutely identical
problems have to be overcome even if we skip the linearization
process and use directly the Newton method.

Now, since the system we obtain after linearization of
the ionization rate term is still non-linear, we use the Newton
iteration method where the formed linear system is solved by
the GMRES (Generalized Minimal RESidual) iteration
method with an Incomplete Lower-Upper (ILU) precondi-
tioner. The absolute convergence criterion (for residuum
norm) for GMRES and Newton is set to 1071°,

Afterwards, we reconstruct the entities If, ‘7,-, and Vg,
which is quite straightforward. We only have to be more cau-
tious about the reconstruction of ‘75 and \76, since there might
be no particles to track in some parts of the domain. In par-
ticular, we employ a simple heuristic, “where there are only
a few particles there is no movement,” i.e., we define a mini-
mal amount of particles, N, = 10 m~>, and whenever the

J. Appl. Phys. 120, 173301 (2016)

FIG. 12. The marking of the domain boundary, I'syip, I sirronies I Grna> and
r BottomWalls -

ion or electron density drops below N,,;,, we set the corre-
sponding particle velocity to zero.

Finally, we solve the problem of airflow using the FEM
discretization in space with the Lagrangian elements of the
second order for velocity and of the first order for pressure
(i.e., Taylor-Hood elements). The time discretization is
based on the explicit Euler scheme. The convective term is
linearized using the velocity from the previous time step.
Thus, we get a linear system of saddle-point structure. We
construct an ILU preconditioner for the convection-diffusion
part of the saddle-point matrix and an Algebraic Multigrid
inverse of the Schur complement approximation. The solu-
tion is then found using the GMRES iteration method.

C. Numerical experiment

Let us start with the definition of the domain Q and its
mesh. We use metre as a unit of distance in the following defi-
nitions. The domain Q is defined as a simple cuboid C.
In particula, C={X€R : x€(0,0.05), y <€ (0,0.05),
z € (0,0.005435)}, i.e., C is an open cuboid of the size 50
x50 x 5.435mm. Further, D[y, = {¥ € R : (x,y) €S,,
z =0.000635}, where Sy C R? is a closed set defined in
Figure 2 as the blue area. Next, ['G.a = {¥ € R®: (x,y)
€ Gy, z = 0.0}, where G,, C R* is a closed set defined in
Figure 3 as the blue area. The inlet and outlet parts of the
domain (in the perpendicular as well as in the parallel case) are
set in a similar manner (see Figure 4, where all the details are
described).

Now, we label the boundary of the domains Q, Qu;,,
Qp;.. For reasons of simplicity, let us introduce the definition
of the boundary parts with the help of Figures 12 and 13, i.e.,
Igsip is defined as the part of 0€y;. coloured in dark green,
Tairropie 18 coloured in light green, I'g,,q4 is coloured in light
blue, and I'gy;omwais 18 coloured in dark blue.

FIG. 13. The marking of the domain boundary, I'repwans, I'mn, and
r BottomWalls -
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I'ropwans 1s coloured in red, I', is coloured in light
brown, and I'p,, is defined analogously as I';,,.

Further, the mesh consists of approximately 600 000 tet-
rahedrons. It was generated in tetgen (see [tetgen.org]) using
a predefined set of vertices. The predefined set of vertices
divides the domain into cubes refined near electrodes, inlet,
and outlet parts of the domain. There are four levels of
refinement and the smallest cube is of the size 0.00025
x0.00025 x 0.0003175 m.

We solved the numerical problem by T = Tspgp = % S
~ 0.0000459s, i.e., T ~ 46 us, with a time step of size
ATspgp = 1077s = 0.1 us and the airflow is simulated by
T = T4;r = 1s with a time step of size ATy, = 0.01s.

Figures 14 and 15 show the computed trajectories of
ions, Figure 16 shows the ion density while Figures 17 and 18
present the computed airflow patterns for parallel and perpen-
dicular airflow cases, respectively.

FIG. 14. The ion trajectories above the strip electrode at the time 5’2”’;”

FIG. 15. Close-up look at ion trajectories at the time Ts”%

lon Density
le+16

FIG. 16. The ion density near the strip electrode (z=0.636 mm) at the time

Tspep
e
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FIG. 17. The airflow patterns near the strip electrode at the time T4;, (paral-
lel airflow).

FIG. 18. The airflow patterns near the strip electrode at the time T4; (per-
pendicular airflow).

The ion trajectories above the strip electrode at the time
TS’2’B” are solved in Figure 14. The occasional “disorderliness”
of these trajectories far away from strip electrode is mainly
caused by machine precision error.

The ion density, which is shown in Figure 16 corre-
sponds well with the image of plasma, shown in Figure 5.

CONCLUSIONS

For the surface dielectric barrier discharge in air ener-
gized by the ac voltage of frequency 10.9 kHz we studied the
effect of parallel or perpendicular airflow orientation with
respect to the strip active electrode on concentration of
ozone and nitrogen dioxide produced by the discharge, on
discharge emission spectra and on electrical parameters of
the discharge. The mathematical model has been proposed
accompanied by a numerical solution using our original
numerical method. Presented experimental results were
obtained for the discharge in air at atmospheric pressure,
temperature 25 °C and relative humidity of 4%.

Our findings can be summarized as follows:

 For the same average discharge power, the ozone concen-
tration increases approximately by 25% when the airflow
was oriented in parallel with respect to the strips in com-
parison with perpendicular orientation of the airflow.

 For the same average discharge power, the ozone produc-
tion yield is higher when the airflow was oriented in paral-
lel with respect to the strips in comparison with
perpendicular orientation of the airflow.

 For the same average discharge power, the nitrogen diox-
ide concentration is higher when the airflow was oriented
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in parallel with respect to the strips in comparison with
perpendicular orientation of the airflow.

» For the same discharge voltage, the intensities of spectral
lines are higher in case of parallel airflow with respect to
the strips compared to that in the perpendicular flow.

* For the same average discharge power, the discharge volt-
age is higher when the airflow was oriented in parallel
with respect to the strips in comparison with perpendicular

orientation of the airflow.

* A 3D numerical model describing trajectories of ions in a
stationary air have been developed.

* A 3D airflow patterns for parallel and perpendicular flow
in the discharge chamber have been developed.

Obtained results could be used for the design of more
efficient ozone generators or generators producing nitrogen

oxides.
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APPENDIX: TABLE OF SYMBOLS

Q= L6rna U Dwans

Twaits = Uottomwaiis Y

1—‘Toqulls U rln u rOu/

Q = Qpie U Qajy

Qpiec N OUir = Lairtonie U Tsurip

rSrrip = {)_(a S R*: (Xay)
€ Sy, z = 0.000635}
Tma = {¥ER: (x,)
€ Gy, z=0.0}

I AirToDie
rBor/omWalI.v

Tspsp ~ 46 x 10705
Tprir =15

ATspgp = 0.1 x 1070
ATy = 0.01s
E:Qr—R

O:0r - R

¢:0r =R

@ Quip X (07T) — R

g =885x1071E
8"‘&\”» = EAjr = 1.0006
8"‘ﬂbm = Epje = 9.6

e=1.6022 x 107 C
ne : Qair X (0,T) — R
ni @ Quiy x (0,T) = R
Ve:Qur x (0,T) — R
Vi Qur x 0,7) — R?

Domain boundary
Division of walls boundary

Division of domain
Division of inner boundary
between domains
Definition of strip electrode

Definition of grounded electrode

Boundary between air and
dielectric domains

without strip electrode
Boundary of dielectric domain
without boundary of air domain and
grounded electrode

Total time of SDBD simulation
Total time of N-S simulation
Time step for SDBD computation
Time step for N-S computation
Electric field

Electric potential

Potential induced by the
external electric field

Potential induced by the net
charge density in the plasma
Vacuum permittivity

Relative permittivity of air
Relative permittivity of
dielectric material

Elementary charge

Electron density

Ion density

Electron velocity field

Ion velocity field

(Continued.)
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A=15x10m"Torr™!

B =3.56 x 10* Vm~'Torr™!

p = 760 Torr
r=2x10""2ms"!

= 1.45x10~" [mZV—ls—l]

»
Dy =% [ Tim?s7]

U, = ‘“4;710' [m2v—'s1]
D, = % [y(,Tcmzs"}
kg = 1.3806488 x 1073
[m?kgs 2K ]

T, = 60000K

T; = 300K

i

Ugmp = 3.1kV

o =2nf

f=10.9kHz

no =2 % 10%m=3

Vi Qur x (0,T) — R
P:Qu x(0,T) =R
p =1.225kgm™3

iy = 1.8860763
x107 kgm's~!

‘7,»,,()(, ) =3.1831ms™!
in Ty x (0,T)

T =Wt

L=0.05m
=%,j=123

N, = n,/ng
N; =n;i/ng
D,y :0r — R
Vo= 1ms™!
F=V/V

Py = pVo?
p=P/Py
Npin = 10m~3

Townsend pre-exponential constant
Townsend exponential constants
Atmospheric pressure

Electron-ion recombination rate
Ton mobility coefficient

Ton diffusion coefficients

Electron mobility coefficient

Electron diffusion coefficients

Boltzmann’s constant

Electron temperature

Ion temperature

Outer unit normal vector to I'
Discharge voltage

Angular velocity

Frequency of the driving voltage
Reference particle density
Air velocity field

Air pressure

Air density

Air viscosity

Inlet velocity of air

Dimensionless time
Characteristic length
Dimensionless space

variable components
Dimensionless electron density
Dimensionless ion density
Dimensionless electric potential
Characteristic velocity
Dimensionless air velocity field
Characteristic pressure
Dimensionless air pressure
Minimal amount of particles
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Abstract: This study presents the results of the numerical modeling of surface dielectric barrier
discharge in planar configuration with the strips active electrode. A positive half-period of the
sinusoidal driving voltage and the two-species case is assumed in this study. Currently, many
numerical models of surface dielectric barrier discharge deal with different electrode geometries,
longer timescales, or discharge energizations. However, the main innovation presented in this study
is developing a three-dimensional numerical model for the initial phase of the discharge phenomenon
and a deeper focus on the numerical theory behind it. Based on the fluid model, this study presents a
detailed mathematical and numerical formulation of the problem, stable numerical reconstruction of
ion and electron velocity fields and an explanation of the need for linear approximation of ionization
rate. Finally, it computes the potential and electric field distributions, electron and ion densities, and
their velocities. The obtained results of a numerical simulation showing trajectories and velocities of
electrons and ions reflect the active region of the discharge. A numerical simulation demonstrates the
method in a three-dimensional domain inspired by a real-life experiment. The model can be used to
optimize the electrode geometry of the discharge.

Keywords: plasma physics; numerical modeling; 3D fluid model; surface dielectric barrier discharge;
sinusoidal driving voltage; discharge initial phase; voltage positive half-period; two-species model
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1. Introduction

The usage of surface dielectric barrier discharge (SDBD) [1] is on the rise in many
applications, such as active particles, ozone, and ultraviolet generation [2], pollution
control [3], surface treatment [4,5], plasma-chemical vapor deposition [6], in biological and
chemical applications [7], and air-flow control [8,9]. Surface discharges are generated on the
surface of a dielectric. Regarding the configuration of electrodes, two types of discharges are
distinguished—surface barrier discharges and coplanar barrier discharges. Our attention
was focused on surface dielectric barrier discharges. SDBD has been frequently studied
within a planar experimental configuration [10], where an active electrode, cut out of a
thin foil made of an electrically conductive material (copper, aluminum, stainless steel,
special steel), connected to an alternating high voltage power supply system and serving
as a high-voltage (active) electrode, is applied to one side of a planar dielectric plate
(barrier) by means of screen printing, steaming, and dusting or, eventually, is glued by
conductive glue. A grounded electrode, often made of the same material in an oblong
or square shape and overlapping the active electrode surface by several mm, is located
on the lower (opposite) side. The actual shape of the active electrode is usually selected
in keeping with the purpose to be served by the designed generator of active particles
and ozone (it can also be a source of ultraviolet irradiation). The configuration frequently
features thin parallel strips, circles, and segments in the shape of a honeycomb, but it can
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also take the form of a mesh [11-13]. The recent articles offer a predominance of studies
describing the origin and behavior of dielectric barrier discharge from an experimental
point of view [14-18], while phenomena characterized by physical-mathematical models
are treated less frequently [19-24]. The past few decades have seen the development of
mathematical models describing—with a certain, smaller, or greater precision and success
rate—the specific configuration of the phenomenon being modeled [25-29]. The authors
of Refs. [14,17,30,31] classify such models into simplified (phenomenological) ones and
first-principles ones that employ mathematical approaches to solving the given task. The
category of simplified models comprises, for instance, Electrostatic models, Linearized
force models, or Potential flow models. For their part, first-principles-based models include
Kinetics models and Fluid models [21,32,33]. The latter ones, in particular, are the subject
of our studies.

Our main goal is to expose the numerical theory to the community focused on the
SDBD studies in much more detail than usual. In alignment with this particular chief
objective, we will focus heavily on the proper formulation of the problem, the description
of the critical issues, and the complications.

The presented mathematical model deals with the surface dielectric barrier discharge.
Therefore, it should reflect the physics of the discharge. As long as our research is ori-
ented toward the discharge generation of various active species such as ozone [34], the
critical quantity which determines the efficiency of this generation is the dimension of the
active volume in which the processes of species generation occur. In the case of SDBD,
the discharge develops along the dielectric surface. At critical field strength, a set of mi-
crodischarges appears on the dielectric surface, which is accompanied by the luminosity
of the discharge near the strip electrodes. This luminosity area and, consequently, the
active discharge volume, do not cover the whole area of the dielectric. The physics of
the discharge, leading to the formation of the active volume, is rather complex; therefore,
we had to make essential simplifications. Thus, we restricted ourselves to the positive
half-period of the driving voltage only, used only one type of positive ions-electrons model,
and restricted ourselves to a time interval of T = 46 ns. This assumption is associated with
the processes of electron production from the electrodes. In the case of the strip electrode’s
positive polarity, the photoemission current plays a decisive role. The ion emission current
plays a minor role [35]. According to this paper, the photoemission starts after more than
T = 15 ns. In fact, for the negative polarity of the strip electrode, the photoemission
current reaches a maximum at about T = 6 ns. Thus, the photoemission and the ion
emission from electrodes in the chosen simulation time interval can be neglected. Besides,
this time interval limitation allows us to neglect the heating of electrodes, gas heating, and
heat-related effects on electrodes and gas properties.

For the assumptions mentioned above, we present a numerical method based on
the Finite Elements Method (FEM) and our results from the respective numerical experi-
ment [34]. The experiment is implemented in a FEniCS environment (see fenicsproject.org,
accessed on 15 January 2023), its mesh consisting of approximately 600,000 tetrahedrons
generated in tetgen (see tetgen.org, accessed on 15 January 2023), using a predefined set of
vertices [34].

Presently, a variety of models of the SDBD deal with complex chemistry, electrode
geometries, and longer timescales. However, the main innovation presented in our paper
is developing a 3D numerical model for the initial phase of the SDBD.

2. Introducing the Models

Let us start with the definition of mathematical models describing the physical entities
that appear in the SDBD phenomena.

Since we present numerical results of an experiment motivated by a real-life exper-
iment [34], we will restrict ourselves to a small extent and formulate the problem on a
specific domain. Otherwise, we will try to keep the problem on a general level.
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Thus, let O C R3 be a bounded domain and T > 0 a given time. We set Qr = Q x [0, T]
and by 9Q), we denote the boundary of ). Further, let () be a composition of two disjoint
domains, 3 = Qp;, U Qg,s, and 00 consist of several disjoint parts, 92 = gy U Twans,
where Uy = Tottomwaits U T Topwarls (see Figures 1 and 2 in Section 2). Next, let the interface
between Q)p;, and Qs consist of two disjoint parts, dQp;e N dQGas = Tcastobie U Ustrip-
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Figure 1. 2D geometry of the active strip electrode.
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Figure 2. 2D geometry of the grounded electrode.
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The SDBD Phenomena

The presented article uses a two-species model with electrons and one type of ions,
notably for positive ions. Moreover, we restrict ourselves to the initial phase of the positive
half-period of the applied voltage and neglect different ionic reactions.

Therefore, the definition of the model follows from Refs. [24,29,34,36-38]. Hence, we
first model the relation between the electric field E : Qr — R® and the electric potential
@ : Qr — R by means of the Poisson equation as follows

E=-V® inQr, 1)

where V represents the gradient with respect to the space variable. Further, we assume
the electric potential to be decomposed into two parts: ¢ : Qr — R being induced by the
external electric field and ¢ : Q 4;, x (0, T) — R being induced by the net charge density in
the plasma, i.e., ® = ¢ + ¢ and

V- (eaireo V) = —ec(ne —n;) in Qa; x (0,T), 2)
V- (ere0Vep) =0 inQr, 3)

where V represents the divergence operator, 1, : Q4 X (0,T) — R denotes the electron
density, n; : Q45 X (0, T) — R denotes the ion density, ¢ is the vacuum permittivity, ¢, is
a piecewise constant function denoting the relative permittivity of air (e, = € 4; on () 4;,)
and dielectric material (¢, = ep;, on (p;,) and e, is the elementary charge.

Further, the time evolution of electrons and ions concentrations are determined by
the continuity equations where the ionic reactions are defined using the Townsend coeffi-
cients [39], i.e., the time evolution equations are described as follows

% + V- (n;V;) = Ap, exp{—ﬁ’Epr}HngVeH — TiseNitle 4)
in Qi x (0,T).

Summing up, the used assumptions, including chosen simulation time interval, al-

lowed us to write a continuity equation for electrons in the form of (5),

on
aTe + V- (n.Ve) = Apcexp{—

Bp.
|| E[|

HineVel| — ricsenine, 5)

in Q4;, x (0, T), where V; : Qy;, x (0, T) — R3is the ion velocity field, V, : Q4;, x (0, T) —
IR? is the electron velocity field, p, is the constant air pressure, 7;.,, denotes the electron-ion
recombination rate, A and B are pre-exponential and exponential constants, respectively.
For the sake of completeness, let us note that || - || represents the usual Euclidean norm.

Remark: Let us comment on the assumption of constant air pressure. Since we will
work within a very small time range (~ns), it seems reasonable to assume the air pressure to
be constant. Although it is still by no means obvious that this simplification is insignificant,
we are also not able to compute the approximate solution without this assumption as of yet.

Further, using the so-called Drift-Diffusive model (see Refs. [39,40]), we can rewrite
the electronic and ionic fluxes as

n;V; = nip;E— D;Vn; in Qg < (0,T), (6)
neVe = —nopteE — D, Vn, inQy; X (O/ T)/ (7)

where y. and p; are the electron and ion mobility coefficients, respectively, and D, and D;
are the electron and ion diffusion coefficients, respectively.

Now we observe that the numerical solution of Equation (3) can be computed indepen-
dently of the remaining equations. Therefore, by substituting (1), (6), and (7) into (4) and (5)
and using the results of (3), we can reduce the remaining equations to three scalar equations
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for three scalar unknowns (¢, 1;, 1) and compute the remaining entities afterward. In total,
we therefore, focus on finding a solution (¢) of Equation (3) in Q7 and solution (¢, 1;, 1)
for Equation (2) coupled with the following equations

on;

5 T Vo (=niui V(P + <P) — D;Vn;)

= Apcexp{— H}Hneye (¢ + @) — DeVine||

IIV(fP + )
— ViseNiNe 8)
an,

9 +V. (”e,uev(gb + (P) - Devne)

= Apcexp{— W}H”eﬂe (¢ + @) — DeVie||
— TieseNiNe, 9)

in QAir X (0, T).
Thus, formulating the initial and boundary conditions for (4)) and (¢, n;, n,) remains.
We assume the following setting [34]

$(x,0)=0 inQ, (10)
¢(x,t) =0 onTgma x (0,T), (11)
4)(9(, t) uﬂmp Sln(c‘}t) - ¢Strzp(x t) on FStrip X (0/ T) (12)
0

Lxt)=0 on Ty x (0,7) (13)
@(x,0) =0, inQu, (14)
qo( ) =0 on Fstrip X (O/ T)/ (15)
0

81(’1)( x,t) =0 onTppwans YT airropie X (0, T), (16)
ni(x,0) = n?(x) in Q 4, (17)
ni(x,t) =0, on 1—‘Sl‘rip x (0,T), (18)
on;

T,:(xr t) =0 on rTopWalls U T AirtoDie X (O/ T)/ 19)
ne(x,0) = ng(x) in Q4 (20)
M) =0 ondly x (0,7) @y

where ¢syip : Usyrip ¥ (0,T) — R is an electric potential boundary function, n denotes the
outer unit normal vector to 0Q), n : Qui — Rand 1 : Qy;, — R is the initial ion density
and electron density, respectlvely, Uamp is the dlscharge voltage, w = 27t f is the angular
velocity, and f is the frequency.

Remark 1. Let us comment on the boundary conditions for ions and electrons. Although there
are several theories regarding a proper setting of boundary conditions for them [21,41], we prefer
to assume the homogeneous Neumann condition on the whole boundary. An exception will be for
the T'syyip for ions, where it is clear and physically reasonable to assume a homogeneous Dirichlet
condition for the positive half-period of the discharge. Since there is uncertainty in the proper setting
of those boundary conditions, we instead implement the general condition even though, numerically,
it brings worse stability to the computations.

3. Problem Formulation

In this section, we start with the process of partial non-dimensionalization and then in-
troduce the weak formulations of the studied problems. The partial non-dimensionalization
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is motivated by better numerical stability due to the appropriate rescaling of the quantities
we are simulating.

Non-Dimensionalization and Weak Formulations

Inspired by the non-dimensionalization scheme presented in Ref. [26], we introduce
new variables and new dimensionless quantities as follows

t X;
T—%, zl—f,z:1,2,3,
Ne n; €c
N, = — i=—, b,5=—-97, 22
e nof 1 no nd kBTe ( )

where tj is the reference time, L is the characteristic length, ng is the reference particle
density, kp is the Boltzmann'’s constant, and T, is the electron temperature.
Let us now define

DG = {(]3 € Hl(Q) : (]S = Ooanrnd}
DSC = {43 € Hl(Q) : 43 =0on rStrip U 1—‘Grnd}
,Diir = {43 € Hl(QAir) : 43 =0on rStrip}
and assume there exists gbgm-p € C(0,T; D) such that Pstrip is its trace on T'gyp x (0, T).
Now we are ready to introduce the weak formulation of the problem governed by

Equation (3) and boundary conditions (10)-(13). Let us denote this weak formulation
as (SDBD-0): Find ¢ € L2(0, T; D) so that it holds:

e *
¢ = o7, P5mp € L0 T:D%),
a(¢,$) =0forae. t € (0,T),V$ € D,
}g% H‘P('/t)HLZ(Q) =0, (23)

where

a(d, §) = €air /Q VoV Fdx + enie /Q VoV, (24)

Air Die

Further, let us also introduce the weak formulation to a problem governed by
Equations (2), (8) and (9) and conditions (14)—(21). Let ¢ € L?(0,T;DS) be a weak
solution of problem (SDBD-0). We denote the weak formulation as (SDBD-1): Find
¢ € L?(0,T;D5,), Ni € L*(0,T;D%,,) and N, € L?(0,T; H}(Qu;r)) such that for a.e.
t€(0,T),V§ € D, VN; € D5, and VN, € H(Qp;r)

aAir((P/ @) - L(Ni/ N@/ @)/

oN; - . N
/Q *Nidx + pic(N;, ¢, ¢, N;) + D;d(N;, N;)
Air

oT
_fe(Ne/ (P/(P/ Nl) - R(Ni/NBI Ni)/
ON, - - -
/ JNedx - ,ueC(Ne/ ¢, ¢, Ne) + Ded(Ne/ Ne)
Qg 0T

_fE(NE/ q)/ 4)/ NE) - R(Nl/ NE/ N@)/ (25)

and
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lim lg(-, 1)l 2(1,,) = O,

. L o
birn JINi (- £) = o Ol ) = 0

. L o
%l—% [Ne(-,t) — ;Tong(.)HLz(QAfr) =0

where (for N, N € H'(Qu;,))

anir (@, §) :/Q VoV pdx,

Air
¢(N,¢,¢,N) = kpTeto N(Ve¢ + V¢)VNdx,
ecl Jayu,
d(N,N) = fo VNV Ndx,
L Jay,
EEeTe N G+ ) + PO - Ry,
e.L L
BpcecL
N, ¢, $,q) = A / exp{—
Je(N,@:.0) Pc' Quair Pl kBTEHV‘P‘i‘V‘PH}
T, D 5
KB Tel N G 1 ) — PO g W,
e.L L
e21%ng
L(N,, N,, §) = =10 / 5(N: — N,)dx,
( ir Ne (P) epicksTe Jo, 4’( i e) X

R(Ni, No, N) = —riesotiolo / NN, N,dx.
O

Air
4. Discretization

We suppose that the domain Q) is polyhedral with the Lipschitz boundary. By 7y,

we denote a regular partition of the domain Q, and by 7,4 C T}, we denote a regular
partition of the domain Q) 4;,. Let us define

Df = {¢n € D : fulxe Pr(K), K € Ty},
D¢ = {¢n € D°C: fulxe P(K), K € Ty},
Diirn = {Ni € Dy, : Nilxe Pr(K), K € T2},
Dairn = {Ny € H'(Qair) : Nylx€ P(K),K € T/},
L, = {E, € L*(Q)’ : Ej|g€ P,_1(K)>,K € T;,},
Li’ﬁir = {Vh € LZ(QAir)3 : Vh‘KE Prfl(K)\g'K € EAir}r
where P,(K), Ps(K) and P;(K) denote the space of all polynomials on K of a degree less or
equal to r, s and g, respectively. Moreover, we assume v > 2,5 > 1and g > 1.

For the time discretization of (SDBD-0) and (SDBD-1) we consider a uniform partition

of the time interval [0, T] formed by the time instants ti=jAt,j=0,1,..., jmax, with a time
step At = T/ jmax.
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4.1. Approximate Solution for (SDBD-0)

Let g{l S DE ~ Uamp sin(wt]-) on Fsm-p,j =0,...,jmax. We define the approximate
solution of (SDBD-0) problem obtained by the Finite Elements Method as a set of functions

¢;l S DhG,j =0,..., fmax, satisfying

<P£*g£€D£G VjIO,.-.,jmaXI
a(@), @) =0 Vi =0,..., jmax, s € DO
1ppllz2(q) = O- 20

4.2. Approximate Solution for (SDBD-1)

Let {(p{i};’i”g be an approximate solution of (SDBD-0). We define the approximate
solution of the (SDBD-1) problem obtained by the BDF-2 method (BDF stands for Backward
differentiation formula) and the Finite Elements Method as functions ((ph, i NEL) €

Dfmh X DAmh X Dpirns ] =0,..., jmax, satisfying forall j = 1,..., juax

aAir((Pézr Pn) = L(Neir N,‘L, Pn) Vo € Df‘\irh

1 4 1 1 2
—/Q (N — SN 4 N2 N e
Air

AT 3 3Nk
= %F Ih’Neh’q);z’(Ph’Nliz ' ‘P;z 4’ N, i)
VN, € D5 Air e
é /Q Ai,(NBL - %Ne{f + %Ne{jz)z(fg,hdx
= ZFE(Ni{z,Ng{I,(pi, 4’;1/Ne <Pél New)
VNeh € Dairjs (27)
where AT = 2 <(Ph'N12/ Neh) and (qoh ,Nij, ,Ngh 1) are defined as the L?(Q) projections

0
of the initial data (0, & ) and (0,0,0), respectively, on ’Dilr L %< D5 Air s < Dairy and

’71’71

Fi(Niy, Nty 9 93 Ny oy Nig)
= wic(Nil, ¢}, 9], ~ih) - D‘d(NiirNih)
+JEE(N€£'€02/¢{1' Ne ‘P]h / ~zh
+R(NiL, N, N )
Fe(Ni, Nef, 9}, 91, N 9 ¢ M)
= _Vec(Neth”h/(l’;zr en) — D d(NEL’ Neh)
+fe(Neh,(Ph,¢h, Nej, ‘P]h / ~eh
+R(Ni, N, N, )

where f, is the linear approximation of f,, defined in the following Section 4.2.

Linear Approximation of Ionization Rate

Even though it might seem that we should directly use the Newton method to solve
the presented non-linear problem, we would rather introduce a linear approximation of
ionization rate separately and with extra care. As we will show below, it is necessary to
carefully treat the possibility of division by zero and problems with finite machine precision.
Most importantly, identical problems have to be overcome even if we skip the linearization
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process and directly use the Newton method since the derivatives performed in the Newton
method will introduce similar “controversial” terms.
Let us define the following operator f acting on D 4., X D pjy 1

Flon M) = wexp{— L 9N, Vg, — VN : 0 5 28)
where «, B, 7y, 6 are generic constants. It is obvious that f(¢y, Nj,) is not defined on set
O = {x € Quir : |[Vou(x)|| = 0} for given ¢, € Dy, . Nevertheless, we can set
f(@n, Ni) = 0on © and then for such f(¢;, Nj,) holds that f (¢, Nj,) € C(Quair)-

Now, we present the linearization of the operator (28) for any (¢, Ni) € Dajyp %
D iy, from which one can easily deduce the linear approximation of ionization rate.

Let ¢, = {lp;l};i"’l be the basis of space D 4, j,, Mg = dim(D pjy.1,). Now, any @y, € D gy
can be uniquely represented as ¢, = ¥ - ¢, = z;":dl “Fil/J;;, where ¥ € R4,

Consequently, operator f can be understood as an operator acting on R x R™4, i.e.,

f(on Ny) = f(¥e,¥n)
B

—W}H’Y‘?N Py Vi — 6N - Vi
¢ h

= aexp{

Using the Taylor series, we introduce a linear approximation of f (‘_]E"(P, ¥n) near point
(¥9,¥%) € (R™ x R™) as follows

where using marking J = ﬁ?@ﬁqujh - (5‘_13?\,V1ﬁh

of &0 0\ _ w B B |
aff,q) (‘Y(P’IPN) - leh |fx exp{ ||1—I}9Pv¢7‘h” }’)/‘YNlphzu‘J”
YOV,
3B exp{-—ggoa} 3]
Yo Vibull ™ 2[¥e Vipull
f @0 o p J
= (Y., YY) = |aexp{——= _—
T [ P @y, 2

: (’Y‘T’%Viﬁh P — 5V¢h>/

under the assumption that every term on the right-hand side makes sense.
Here, we can observe that we should take care of possible divisions by zero and
potential problems introduced by the machine precision limitations, as mentioned earlier.
Let us now switch back to the equivalent representation of operator f by (28). We
finally present the approximation of f at the point (¢y, Nj) € Dajr s X Dajry near point
(@, N?) € Dairn X Dair s

f(@n Ni) = f(@n Ni, @), N}) (29)
foo(@n, NY) + fro(9), NY) - V(gn — ¢p) (30)
+ For (g, ND) - [Y V@l (Ny — N§) — 6V (N, — Nf) |,
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where using marking K = 7N2Vq)2 - 5VN2

Foolgfl NE) = 0, it 19l < 20,
zzxexp{—|v’8¢2”}|K||, else
Folelh NJ) =0, el < 1%
0
= I ) 3l
17451 = 5 1) < Savesp{—lon)
—cepl o ™3]
0
e e

o (¢, N}) =0,
1072 1 B
if [|[Vepll < or ||K|| < Zaexp{— }
! p 2 IVl
B, 7NVl oV
IVl 2N V) — VNI

else.

= aexp{—

It is clear that f is linear. Taking here (pi + 4){1 instead of ¢y, Ne{l instead of Ny,

gofl + (,b{l instead of ¢, Ng;rl instead of N} and by proper choice of «, 8,y and 4, one
easily gets the linear approximation of the ionization rate.

4.3. The Reconstruction of E, V; and V.,

In order to reconstruct the entities E, V; and V,, we use Equations (1), (6) and (7),
respectively. First, we define the approximate solution to (1) as a projection of (V (¢>{l + QDL))
on Ly, i.e., as a function E]h € Ly, j=0,...,jmax, satisfying for all E,cL,

. kB Te . .
E Ejdx = ——* / / / / ,
/Q Bidx = ([ VaBdxt [ V] Eyx)
where gb{1 is the approximate solution of (SDBD-0) and q);‘l is the first component of the
approximate solution of (SDBD-1).
Now, the reconstruction of V; and V, has to be more cautious. Since the precomputed

particle densities NZ-L and NEL may be of zero value, Equations (6) and (7) become meaning-
less at some parts of the domain (there might be no particles to track). To make the method
worse, since we work within computer arithmetic, the values might not be equal to zero
but just close to the machine epsilon. This may lead to absurd values of particle velocities.

Therefore, we employ a simple heuristic: “where there are a few particles, there is no
movement”. We define a minimal amount of particle coefficient N,,;,,. Further, we define

the approximate solution to (6) as a function Vf.lj € L;fi’, j=0,..., jmax, satisfying for all
E, € L{" and for all K € TA"
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hi . D; i\ &
/KVI,JEhdx:/K(yiE;l—LZ(VNZ';!/N,«L))Ehdx,

if / Nildx > Ny
K

if / Nildx <= Ny
K

Analogously, we define the approximate solution to (7) as the function Vlgj e L,
j=0,..., jmax-

5. Numerical Scheme

As stated in the introduction, we carried out the implementation in FEniCS environment,
and we will describe the numerical scheme using pseudocode based on FEniCS libraries.

We start by describing the numerical solution (SDBD-0) and (SDBD-1). First, let us
note that all the presented discrete problems are equivalent to a system of linear alge-
braic equations.

SDBD-0

We use the FEniCS in-built GMRES (Generalized Minimal RESidual) iteration method
with ILU preconditioner to solve the system of linear algebraic equations. The absolute
convergence criterion (based on the norm of residuum) for GMRES is set to 10~ with a
maximum of 200 iterations [34].

SDBD-1
We use a similar setting as for (SDBD-0), i.e., we use the FEniCS in-built GMRES
iteration method with ILU preconditioner with the same criterion settings.

Reconstructions
Using the FEniCS method project (from dolfin.fem.projection), we implement the recon-
struction algorithms and obtain approximative solutions.

Pseudocode of the Main Scheme

Now the main algorithm scheme is as follows:

timestampgppy = AT

while timestampgppp < T:
Solve (SDBD-0) at timestampgpgr,
Compute coefficients for fe
Solve (SDBD-1) at timestampgpgr,
Compute reconstructions at timestampgppp,

timestampgpp += AT

6. Numerical Experiment Simulation

Let us start with the definition of the domain () and its mesh. Note that we use the
meter as a unit for distance in the following definitions.

The domain Q is defined as a cuboid. In particular, Q = {x € R%: x; € (0,0.05),x; €
(0,0.05),x3 € (0,0.005715)}, i.e., Q is an open cuboid of the size 50 x 50 x 5.715mm.
Next, Qa4 = {x € R® : x; € (0,0.05),x, € (0,0.05),x3 € (0.000635,0.005715)} and
Qpie = {x € R3: x; € (0,0.05),x, € (0,0.05), x3 € (0,0.000635)}. Further, Cstrip = {x €
R3: (x1,x;) € Sy, X3 = 0.000635}, where S, C R? is a closed set, defined in Figure 1 as
the orange area.
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Furthermore, I'g,g = {x € R%: (x1,x2) € Gyy, x3 = 0}, where Gy, C R? is a closed
set, defined in Figure 2 as the orange area.

Finally, with the help of Figures 3 and 4, we define the remaining parts of boundaries as
T airtoDie = (0Qair N Qpie) \ Ustrip (light grey color), T gotomwats = 9Qpie \ (0Q4ir UT Grna)
(dark purple color,) and I ropwans = 0Qu4ir \ (0Qp;,) (green color).

F Grnd

FB ottomWalls r‘A irToDie r strip

Figure 3. The marking of the domain boundary parts around electrodes.

FT(:pU['lII.v

BottomWalls

Figure 4. The marking of the outer domain boundary parts.

Further, the mesh consists of approximately 600,000 tetrahedrons [34]. It was generated
in tetgen (see tetgen.org) using a predefined set of vertices. The predefined set of vertices
divides the domain into cubes adaptively refined near electrodes (I's;ip and I'g,,4). There
are four levels of refinement, and the smallest cube is of the size 0.00025 x 0.00025 x
0.0003175 m, i.e., 0.25 x 0.25 x 0.3175 mm.

Now we proceed to the parameters settings. We first specify the physical coefficients.
Hence, we set the vacuum permittivity g = 8.85 x 10712 Fm ™!, the air permittivity
coefficient € 4;, = 1.0006, the dielectric permittivity coefficient ep;, = 9.6, the elementary
charge e, = 1.6022 x 10~!? C, and the exponential and pre-exponential coefficients are set
to A =1.5x 103> m~'torr ! and B = 3.56 x 10* V m~!torr !, respectively.

Furthermore, we set the ion and electron mobility coefficients y; = 0.145/7t m?s~1V~1
and p, = 44/7m m?s~ V™1, respectively, the ion and electron diffusion coefficients
D; = (kp/ec)T;u; m?>s~! and D, = (kp/ec) Tepte m?s~ 1, respectively, Boltzmann’s constant
is kg = 1.3806488 x 10723 mzkgs_zK_l, the ion and electron temperature T; = 300 K and
T, = 60,000 K, respectively, the reference particle density ny = 2 x 10> m—3. Further, we
define the initial ion/electron particle densities n?(x) = n2(x) = ng and set Ugmp = 3000V,
w = 27f and f = 10.9 x 103 Hz. Moreover, we choose the reference time t) = 1/w s, the
characteristic length L = 0.05 m, and the characteristic velocity Vo = 1 x 107¢ ms~1.

Finally, the degrees of polynomial approximations are settor = 2,s =2 and q =1,
respectively. The problem is solved for T = % x 1073 s, i.e., T ~ 46 ns, with time step

AT = 0.1ns, i.e., juax = 460. The minimal amount of particles coefficient is set to Ny,;;, = 10.

The Results

The presented experiment took about a day on a standard personal computer. In
the following, we present the visualization of several key numerical simulation results
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using the open-source software ParaView (see https://www.paraview.org/, accessed on
15 January 2023).

Firstly, we show the top view of the difference in ions and electrons densities n; — n,
at various instants of time close to the tip of the strips; see Figures 5-8. These figures show
that close to the strip electrode, the density of electrons exceeds the density of positive
ions. On the other hand, the situation is the opposite, farther from the strip electrode. This
conclusion agrees with the results presented in Ref. [24], and our analysis is for the positive
half-period of the driving voltage.

Depending on the discharge conditions, the lifetime of the microdischarges ranges
to several tens of nanoseconds, which is why we used for our numerical experiment the
time scale T = 46 ns [35]. The distribution of electron density is narrower than that of the
positive ions. This outcome agrees with the results presented in Figures 5-8.

Figure 5. Species densities difference n; — n, at time 6 ns.

Figure 6. Species densities difference n; — 1, at time 18 ns.

Figure 7. Species densities difference n; — 1, at time 30 ns.
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Figure 8. Species densities difference n; — 1, at time 46 ns.

Secondly, in Figures 9-12, we show the trajectories of electrons and ions at two instants
of time, T = 18nsand T = 46 ns, with the corresponding V; and V, velocities. The color
of the individual parts of the trajectories expresses the magnitude of the velocity. For better
readability, only trajectories between two neighboring strips are shown close to their tips.
It should be pointed out that these trajectories represent the situation in the initial phase of
the positive half-period of the driving voltage only. From the comparison of the trajectories
of electrons and ions, it can be concluded that the electrons do not extend as much from the
edge of the strips as the ions.

This trajectory of these particles could be associated with the luminous region around
the strip electrode, which represents the active volume of the discharge. Therefore, this
result could be used to optimize the distance among neighboring strips. This would have a
strong impact on the design of the electrode system.

Figure 9. Trajectories and velocities of ions V; at time 18 ns.

Figure 10. Trajectories and velocities of ions V; at time 46 ns.
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Figure 11. Trajectories and velocities of electrons V, at time 18 ns.

Figure 12. Trajectories and velocities of electrons V, at time 46 ns.

7. Conclusions

We developed a 3D numerical model for the initial phase of the surface dielectric
barrier discharge in planar configuration with the strips active electrode. We assume a
positive half-period of the sinusoidal driving voltage and the two-species model. Based on
the fluid model, we present the following

¢ Mathematical formulation of the problem;

e Detailed formulation of the numerical model;

* Linear approximation of the ionization rate;

*  Stable reconstruction of ion and electron velocity fields;

*  Simulations showing trajectories and velocities of electrons and ions.

In contrast with the preceding models mentioned in existing literature, the main
innovation presented in our paper is developing a 3D numerical model of the initial
phase of the surface dielectric barrier discharge. We have paid particular attention to the
proper formulation of the problem, description of the key issues, and possible numerical
complications. Overall, we exposed the numerical theory in much more detail and laid
down a good theoretical foundation for further research of the SDBD.

For future development of the model, we consider involving additional ionic effects
on the electrodes so that it could be used for negative half-periods of the driving voltage.
For simulations of extended periods, other techniques for stabilization need to be adopted.

Our model can be used to optimize the electrode geometry of the discharge. We
believe the presented deeper mathematical insight into the problems will help predict and
understand the experimental results in a better way.
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Abstract

We investigated the air supply mode effects on ozone production of the surface dielec-
tric barrier discharge in the cylindrical configuration. The air into the discharge volume
between two coaxial cylinders was supplied through four nozzles axially or tangentially.
Using tangential air supply, the vortex flow in the part of the discharge chamber was cre-
ated. Because the active electrode was in the form of interconnected rings on the outer
surface of the glass tube, we changed the airflow orientation concerning this electrode.
The existence of vortex airflow affects the plasmachemical processes taking part in the
discharge, and therefore, it affects discharge ozone production. We also paid attention
to ozone concentration and temperature of output air measurements as a function of the
duration of the experiment for both tangential and axial air supply modes. We found that
the time required for the stabilization of generated ozone concentration depends on the
discharge power, and for our experimental conditions, it smaller than approximately 70 s.
Besides, in the case of tangential air supply into the discharge chamber, the concentration
of ozone produced by the discharge is for higher discharge power increased in comparison
with the concentration for the axial air supply mode.

Keywords Surface dielectric barrier discharge - Ozone - Airflow - Vortex

Introduction

Because ozone is one of the strongest oxidizing agents with important antibacterial prop-
erties, its generation by electrical discharges and, namely by dielectric barrier discharges
from the air, is at the center of interest of many researchers for more than a hundred years.
To improve the efficiency of ozone generation, various approaches are tested. Among them
it should be mentioned proper choice of the discharge type [1, 2], optimization of the elec-
trode layout [3, 4] the discharge energization [5, 6] including variations of the duty cycle
and optimization of electrical parameters of the discharge [7-10], adjustment of work-
ing gas parameters [11-13], application of the catalysts usually in the discharge chamber
[14, 15] application of external agents (magnetic field, ultrasound, UV radiation) on the

D« Stanislav Pekarek
pekarek @fel.cvut.cz

' Czech Technical University in Prague, FEE, Technicka 2, 166 27 Prague 6, Czech Republic

@ Springer



780 Plasma Chemistry and Plasma Processing (2021) 41:779-792

discharge [16, 17], or "stretching" the microdischarge channels using a rotating electrode
[18, 19].

The important quantity which strongly affects discharge properties, as well as its ozone
generation, is the flow rate of the working gas through the discharge chamber. There exist
numerous works dealing with this topic [20-22]. Generally speaking, changing the flow
rate through the discharge chamber affects the residence time of charge carriers in the dis-
charge region, the mixing of the gas, temperature, heat exchange, etc. It should be, how-
ever, pointed out that in these papers, the direction of the working gas flow with respect to
the discharge electrodes was fixed, and the systematic study of the effect of working gas
flow orientation concerning the electrodes is missing.

The effects of the magnitude and direction of airflow rate on the characteristics of the
corona discharge generated in a wire-duct reactor were studied in [23]. Two airflow direc-
tions were attempted: one parallel to, and the other normal to the discharge wire in the
reactor. The ozone concentration generated by either dc, ac, or pulsed coronas with the par-
allel flow is higher than that produced with the normal flow with the same discharge condi-
tions. The effect of airflow orientation with respect to the strip active electrode on ozone
production of surface dielectric barrier discharge (SDBD) was investigated in [23]. It was
found that ozone concentration increased when airflow was oriented in parallel concerning
the strips electrode in comparison with the perpendicular orientation of the airflow. The
impact of flow patterns on the uniformity and turbulence of gas flow and, consequently,
on the ozone production yield was studied in [25]. It was shown that the type of flow pat-
terns—transversal or lateral concerning the active electrode, or different lateral flow inputs
positions have a remarkable impact on ozone production. The effect of the gas flow direc-
tion on ozone generation by concentric actuator has been investigated in [26]. It has been
shown that the concentration of ozone generated from oxygen by concentric actuator
slightly depends on the oxygen flow direction. The effect of the flow orientation concern-
ing the electrode symmetry on the diameter of the discharge channel for the pulsed dielec-
tric barrier discharges was investigated in [27]. It was found that this diameter changes
because of the change of charge density owing to the convective transport under the action
of airflow. The fact that the velocity of the space charges in the nanosecond pulsed dielec-
tric barrier discharge in atmospheric airflow for different electrode structures depends on
airflow velocities was also observed in [28].

In our study, attention is focused on air supply modes effects on the ozone generation
of the SDBD in a cylindrical configuration. The air into the discharge volume between two
coaxial cylinders was supplied through four nozzles axially or tangentially. The output of
air from the chamber was, in both cases axial, the same as the axial input. We also paid
attention to the correlation between ozone concentration, discharge power, and temperature
of the gas at the output of the discharge chamber as a function of the duration of the experi-
ment for both tangential and axial air supply modes.

Experimental Arrangement

The experimental set-up used for our studies is shown in Fig. 1. It consists of a cylindrical
discharge chamber with an electrode system, a high voltage power supply with electrical
parameters diagnostics, an ozone monitor, and an air supply system. To suppress the effect
of temperature on ozone concentration measurements, we used water cooling of the cen-
tral electrode, and we placed the discharge chamber in the thermobox Pol-Eko-Aparatura,
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Fig. 1 Experimental arrangement

which provides a stable, controllable temperature between 3 and 70 °C regardless of ambi-
ent conditions.

The cylindrical discharge chamber of total length 172 mm consisted of the polymethyl-
methacrylate-plexiglass tube of outer diameter 30 mm, inner diameter 24 mm, and with 3D
printed caps for input/output of air on its sides. The experiments were performed with two
types of air input caps. In the first case, there were four nozzles in the cap (Fig. 2—Ileft)
axially oriented with respect to the axis of the cylindrical discharge tube. The centers of
these nozzles were in the middle of the gap between outer radius of the Simax glass tube
and the inner radius of the plexiglass tube of the discharge chamber. This is a situation of
axial air input, which is shown in Fig. 1 by letter A. In the second case, there were also four
nozzles in the input cap, oriented clockwise tangentially to the discharge tube (Fig. 2—
right). The positions of these tangential inputs are in Fig. 1 shown by letter T. For both
types of inputs, the output of air from the discharge chamber was through the cap with four
axial openings A of the same dimensions as those in the cup for axial air input. The diam-
eters of the input and output nozzles were 2 mm. The caps had an outer diameter of 38 mm
and a length of 31 mm.

Inside the discharge chamber was situated the electrode system, which consisted of
active and grounded electrode on a Simax glass tube. The inner diameter of this glass

Fig.2 Left: axial air input/output
cap. Right: tangential air input
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tube was 17.4 mm, the outer diameter was 20.0 mm, and the length of the tube was
150 mm. The Simax glass relative permittivity and the loss angle at temperature 20 °C
and frequency 1 MHz are 4.6 and 4.9 x 10, respectively. On the outer side of this glass
tube, there was an active electrode in the form of 30 circular interconnected rings of
widths 1 mm separated by the distances 2.5 mm. This electrode was made from the cop-
per foil of thickness 0.06 mm. The length of the active electrode was 117 mm. The brass
tube, which served as the grounded electrode, was inserted into the Simax glass tube.
The capacitance of the electrode system was 1.05x 107! F,

For the cooling of grounded electrode, we used the closed water circuit with the
water pump. Water was supplied to the tube from the opposite side to which was sup-
plied air inside the discharge tube.

The active electrode was connected to an AC high voltage power supply system.
This system consisted from function/arbitrary waveform generator DG 1022, wideband
AC power amplifier AL-600-HF-A (output power 600 W, frequency response 20 Hz
to 800 kHz) and a high-frequency high voltage transformer AL-T1000.5 (peak voltage
10 kV, output power 1000 W and frequency response 4 to 12 kHz). The discharge was
driven by sinusoidal voltage.

The electrical parameters of the discharge were monitored by the digital oscilloscope
Tektronix MDO 4054B-3 (3 GHz; 2.5 GSa/s). The discharge voltage signal V(t) was
sampled and recorded on the first channel of this oscilloscope with a high voltage probe
(HVP-28HF, Pintek, division ratio 1000/1, frequency up to 200 MHz). To determine
discharge power, we used two methods. In the first case, the discharge power was calcu-
lated based on the following equation:

1 T
Py= / V(nI(n)dt, (1)

0

The discharge current /(¢) was determined from a signal from a Pearson current mon-
itor (PCM, model 2877, bandwidth up to 200 MHz) that was recorded on the second
channel of the oscilloscope.

In the second case, the third channel of the oscilloscope was used to detect the
voltage drop V,, on the measuring capacitor C,,=1.0x 107" F, inserted between the
grounded electrode and grounding lead. The discharge power was calculated from the
following equation:

p=f 7{ voLu=yc, 7{ Vv, @)

where fis the frequency of the driving voltage.

The air into the discharge chamber was supplied through the moisture trap (MT) and
the mass flow controller Bronkhorst F-201C (MFC) from an oil-free compressor. We also
measured the pressure in the input of the discharge chamber (P) and the relative humidity
(RH) of air. The optical fiber thermometer Neoptix was used to monitor the temperature of
the air at the input (T,) and output (T,) of the discharge chamber, the temperature of the
cooling water Ty, and the temperature in the thermobox T;. The ozone concentration (O5)
was measured by the dual-beam UV photometer (254 nm) BMT 964. For illustrative pur-
poses is shown in Fig. 3 the photograph of the discharge with tangential air supply into the
discharge chamber. This photo was taken with Canon PowerShot G12 and exposition time
2 s. The dark regions on this photograph are the interconnected rings, which constitute the
active electrode.
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Fig. 3 Photograph of the discharge with tangential air supply. =6 slm

,=5430V, Q

air

Vump

Experimental Results and Discussion

All experiments described below were performed with an air of fixed flow rate 6 slm
through the discharge chamber. In the case of both, tangential or axial air supply modes,
the pressure in the discharge chamber exceeded the atmospheric pressure of about 36 Torr.
The relative humidity of air was below 3%. The temperature of the input air into the dis-
charge chamber as well as the temperature of cooling water and the temperature in the
thermobox were adjusted to 20 °C. The discharge was driven by the sinusoidal voltage of
frequency 10 kHz.

Discharge Power, Ozone Concentration, and Temperature of Output Air: Time
Dependence

The discharge voltage and current signals, ozone concentration, and the temperature of the
air at the output of the discharge chamber were recorded when the discharge was switched
on. These measurements were performed in 10 periods; each period lasted 5 min. After
each measurement period, the discharge was for 5 min switched off, and then another value
of the discharge voltage was adjusted.

The ozone concentration, together with the air temperature at the output from the dis-
charge chamber, was recorded each 2 s, which means that we have 150 values of these
quantities for each measuring period. Because of the time 20 s required to save electrical
signals on the oscilloscope, we have for each of these measuring periods 15 data sets of
electrical quantities based on which was calculated the discharge power.

The average discharge power from 15 measurements of each measuring period obtained
through the Pearson current monitor or the measuring capacitor as a function of discharge
voltage amplitude for axial or tangential air supply mode, is shown in Fig. 4. The error bars
represent + 7% of the discharge power. From this figure, it is seen that the way of air supply
into the discharge chamber does not substantially affect the discharge power.

The time sequence of the instantaneous values of the discharge power obtained through
the measuring capacitor or a current monitor for the first to the tenth measuring period for
both tangential and axial air supply modes is shown in Fig. 5.

From this graph it is seen, that for the 1st measuring period the values of instantane-
ous discharge power are very much spread. This Ist period corresponds to the onset on
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Fig.4 The average discharge power over each measuring period obtained through the measuring capacitor
or a current monitor as a function of discharge voltage amplitude for tangential or axial air supply mode
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Fig.5 The time sequence of the instantaneous values of the discharge power obtained through the measur-
ing capacitor or a current monitor for the first to the tenth measuring periods for both tangential and axial
air supply modes

the discharge which occurs at the discharge voltage~3310 V. At this voltage appear first
current peaks on the displacement current signal, recorded by the current monitor. The
spread of the discharge power values is smaller for the 2nd measuring period (discharge
voltage ~3630 V) and with increasing voltage it decreases.

The time dependence of ozone concentration for the same measuring periods as for the
discharge power measurement is shown in the following Fig. 6. The ozone concentration

@ Springer



Plasma Chemistry and Plasma Processing (2021) 41:779-792 785

2000 1— . . - . - . - T
Peak concentration
€ 1500
= [ = Tangential air supplyl 7
[
ks 1 [ 2 Axial air supply E
5 - .
£ 1000 - 5 A
8 N
8 4 3 . Stabilized concentration]
2 500 - 7
&
O ] 2 4 ]
0 ﬁ .
T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000

Time [s]

Fig.6 The concentration of ozone generated by the discharge as a function of time for tangential or axial air
supply mode

between measuring periods, when the discharge was switched off, decreased to zero. From
this figure it is also seen, that the concentrations of ozone produced by the discharge for
measuring periods 4 till 10 (discharge power higher than 8 W) are higher for the discharge
with tangential air supply than for the discharge with axial supply mode. Finally, for meas-
uring periods 1-5 (small discharge powers), the ozone concentration is stable almost
immediately after the discharge ignition. When the discharge power is increased (meas-
uring periods 6-10) the ozone concentration after the discharge ignition is, first, sharply
increased, reaches the peak value, then it is decreased, and after a certain time, it becomes
stabilized. Thus for the highest discharge power (10th measuring period), the ozone con-
centration is stabilized approximately 70 s after the discharge ignition.

Because ozone generation and destruction depend on the temperature, we also measured
the temperature (T,) of the air at the output from the discharge chamber. These measure-
ments were performed for the same periods as for results presented in Figs. 5 and 6. This
dependence is shown in Fig. 7. From this figure, it is seen that, depending on the discharge
power, the air is in the discharge heated. This heating is more important for higher dis-
charge powers. An interesting conclusion from this figure is that in the case of tangential
air supply, the temperature of the air at the output from the discharge chamber is higher
than for axial air supply mode. Thus, for example, for tangential air supply mode at the end
of the 10th measuring period, the temperature of output air is 37.1 °C, and for axial air sup-
ply, it is 36.0 °C.

Ozone Concentration and Ozone Production Yield: Discharge Power Dependence

The effect of the tangential/axial air supply into the cylindrical discharge chamber on the
concentration of ozone produced by the discharge is shown in Fig. 8. This figure has been
constructed based on stabilized values of ozone concentrations from Fig. 6 and average
values of power for corresponding measuring periods. The error bars represent+6% of
ozone concentration.
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Fig.7 The temperature of the air at the output from the discharge chamber as a function of time for tangen-
tial or axial air supply mode
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Fig.8 Ozone concentration as a function of the average discharge power obtained through the measuring
capacitor or a current monitor for both tangential or axial air supply modes

From Fig. 8 could be seen that for higher discharge power, the ozone concentration
for the discharge with tangential air supply is higher than for axial supply. In the case of
small discharge powers, the way of air supply into the discharge chamber does not affect
ozone concentration. The increase in ozone concentration is for the discharge power of
50 W, approximately 9%.
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An important quantity from the standpoint of practical applications is the ozone pro-
duction yield a, which is defined as a mass of ozone produced by 1 kWh of energy. This
quantity is for our experimental conditions calculated from the following equation:

_ 0771 x O;[ppm|
ST PV

[g/kWh] (3)

The numerical constant 0.771 involves the density of ozone as well as all conversion fac-
tors of the airflow rate, power, and energy.

A dependence of ozone production yield as a function of average discharge power
calculated from the current monitor signal or voltage drop on the measuring capacitor
for the discharge with tangential or axial air supply to the discharge chamber is shown in
Fig. 9. To have reliable values of the yield and to eliminate the spread of the discharge
power values just after the onset of the discharge, we present the graph of the ozone
production yield based on the relatively stable values of the discharge power from the
3rd to the 10th measuring periods shown in Fig. 5, only. The relative uncertainty of the
yield, based on the uncertainties of ozone concentration and power measurements, was
evaluated as ~9%.

From this figure can be concluded that the ozone production yield calculated from
data obtained by the Pearson current monitor or measuring capacitor for tangential air
supply and the smallest discharge power is~93 g/kWh and the highest investigated
power is~21 g/kWh. The corresponding values of the yield for axial air supply mode
are ~75 g/kWh and ~ 19 g/kWh, respectively.
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Fig.9 Ozone production yield as a function of the average discharge power obtained through the measuring
capacitor or a current monitor for both tangential or axial air supply modes
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Discussion

The change in the production of ozone generated by the SDBD in the cylindrical configu-
ration for axial and tangential air supply mode could be at least qualitatively explained
by the combination of different effects. Among them, it should be, first of all, mentioned
the change of the streamlines orientation with respect to the microdischarges. Speaking
generally, the SDBD consists of a set of parallel microdischarge channels, which propa-
gate perpendicular to the active electrode [29]. According to [30], the ozone generation in
dielectric barrier discharge takes place mainly in microdischarges. The properties of micro-
discharges depend on many factors, e.g., on the pressure, gap spacing, dielectric barrier, or
on the flow of the gas.

The typical microdischarge length (depending on the polarity surface electrode) is of the
order of a millimeter, and its radius is approximately 50-200 um [29, 31].

The residence time is taken as a ratio of the dimensions of the region in which the ozone
generation occurs and air velocity. The longer the residence time, the probability of dis-
sociation of oxygen molecules into atomic oxygen increases, and consequently, the ozone
generation also increases. In electronegative gases such as air, the main charge carrying
species in the discharge are the negative ions. The mass of negative ions is approximately
the same as the mass of neutral particles, the motion of which we affect via different modes
of air supply into the discharge volume. Thus, through the collisions of neutral particles,
mostly with the negative ions, the properties of the microdischarges are affected. We,
therefore, have a reverse situation to the surface nonthermal plasma actuators in which the
electric wind is induced by collisions between ions and neutral particles and due to the
streamer propagation [32].

We investigated the SDBD in a cylindrical configuration with the active electrode in
the form of interconnected rings (dark regions in the Fig. 3) on the outer surface of the
inner glass tube. As it is seen from this figure, the microdischarge channels, perpendicular
to the ring electrode, were oriented axially. To affect the discharge ozone production, we
attempted to change microdischarge properties by varying orientation the airflow stream-
lines concerning to the microdischarges using axial or tangential air supply into the dis-
charge chamber. Consequently, the relative change of radius of the microdicharge channels
for the case of axial airflow supply should be different than for tangential airflow supply,
which results in different discharge ozone production.

To support these assumptions, we performed the modeling of airflow streamlines in the
discharge volume for tangential or axial air supply into the discharge volume. The mod-
eling was performed using a commercial software COMSOL. The streamline patterns for
the axial air supply into the discharge chamber are shown in Fig. 10. In this case, the noz-
zles in input and output caps were situated along the same lines. From this figure, it is seen
that the streamlines are axial; they are therefore aligned along the microdischarge channels.

The streamline patterns for tangential air supply into the discharge chamber are shown
in Fig. 11. From this figure it is seen that in the side of the discharge chamber in which the
air is supplied, there is induced vortex flow. Therefore, the streamlines are inclined con-
cerning the length of the microdischarges. It can be therefore said that in this region, air
velocity has a component, which is perpendicular to the microdischarge channels; there-
fore, their properties are affected. These changes of the microdischarges properties influ-
ence the plasmachemical processes and consequently discharge ozone production.

Another quantity that affects ozone concentration generated by the discharge is the
temperature of the air in the discharge chamber [11, 33]. As is seen in Fig. 7 in the
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Fig. 10 The streamlines patterns for the axial air supply into the discharge chamber. O ;.=6 slm

air

=6 slm

Fig. 11 The streamlines patterns for tangential air supply into the discharge chamber. Q,

air

case of tangential air supply, the temperature of the air at the output from the discharge
chamber is slightly higher than for axial air supply. This result can be attributed to the
fact that in the case of tangential air supply the path and consequently the time in which
the air is heated in the discharge volume is increased due to the vortex airflow. However,
this small difference in temperature of the air at the output from the discharge chamber
(about 1 °C for the highest discharge power) could not be considered as responsible for
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the difference in ozone concentration produced by the discharge with the tangential or
axial air supply mode. The outcomes from this study, therefore, justify and extend our
results presented in [24] for the planar SDBD with parallel or perpendicular airflow
orientation with respect to the strip electrode. They are also consistent with the observa-
tions presented in [27, 28].

Both concentrations of ozone produced by the DBD, as well as the ozone production
yield, were investigated for various experimental conditions by many authors. The abso-
lute values of these two quantities vary within a broad range because they depend on
the way of discharge energizing (sinusoidal, pulse, duty cycle), electrode geometry, the
usage of catalysts, UV irradiation, or external fields. In the following Table 1 are shown
examples of the ozone production yield from the discharge in air obtained by different
authors before and after the variation of selected quantities.

Conclusions

We investigated air supply mode effects on ozone production of surface dielectric bar-
rier discharge in a cylindrical configuration. As long as the active electrode was in the
form of interconnected rings, by varying air supply from tangential to axial, we changed
the orientation of the airflow with respect to the microdischarges, which affected ozone
generation. We also paid attention to the correlation between ozone concentration,
discharge power, and temperature of the air at the output of the discharge chamber as
a function of the duration of the experiment for both tangential and axial air supply
modes.
Our findings can be summarized as follow:

e When the discharge is ignited, the ozone concentration is, depending on the power, at
first, sharply increased, reaches the peak value, it is decreased, and after a certain time,
it becomes stabilized. Thus, for the highest investigated discharge power, the ozone
concentration is stabilized approximately 70 s after the discharge ignition

e The ozone concentration depends on the discharge power, and for higher power for the
discharge with tangential air supply into the discharge chamber is higher than for axial
air supply. This increase in concentration for the highest investigated discharge power
reaches ~9%.

e The ozone production yield for tangential air supply is slightly higher than for axial air
supply mode at high discharge powers.

Finally, it should be mentioned, that for SDBD in cylindrical geometry with the ring
active electrode, the tangential air supply into the discharge chamber can be combined
with other approaches, e.g., a variation of the duty cycle, pulse energizing, optimization
of electrode systems, usage of various catalysts or UV irradiation. This combination can
contribute to the improvement of the ozone generator’s performance. The obtained results,
therefore, have a significant application potential, which implies the necessity of further
research in this direction.
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ABSTRACT

This paper is devoted to studying the effect of airflow orientation on the microdischarges of the
surface dielectric barrier discharge in cylindrical configuration through varying air input into the
discharge chamber, the number of input nozzles, and the geometry of the active electrode. The air
is supplied into the discharge chamber tangentially, radially, or axially through one or four input
nozzles. Air input into the discharge chamber and the number of input nozzles determine the
airflow regime. We used two active electrode geometries that are the axial strips or azimuthal rings.
The change of active electrode geometry from rings to strips affects the orientation of micro-
discharges with respect to the airflow. For the discharge, the variation of air inputs and the number
of input nozzles influences the flow regime in the discharge chamber, which, together with the
active electrode geometry, affects the temperature field distribution in the chamber. These factors
play an important role in plasmachemical processes leading to the discharge generation of various
species, such as ozone. It is found that, for the maximum effect of airflow on discharge ozone
generation, the streamlines should be uniformly distributed in the discharge chamber and pre-
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dominantly oriented perpendicular to the majority of microdischarges.

Introduction

The surface dielectric barrier discharge in cylindrical con-
figuration is an efficient tool for ozone and other active
particles generated from air for sanitary and disinfecting
purposes, in medicine, the food-processing industry or for
surface-treatment (Choudhury et al. 2020; Draou et al.
2018; Machala, Hensel, and Akishev 2012; Volkoft et al.
2020; Yousfi et al. 2011). The ozone generators based on
this type of the discharge are operating in the range of
powers from watts to several dozens of kilowatts. To obtain
high efficiency of ozone generation it is necessary to have
a deep knowledge of not only the discharge physics but also
to understand a complex of technological aspects of ozone
generator devices associated with the properties of the
materials used, geometry of the discharge chamber, type,
and properties of the feeding gas, flow of the working gas in
the discharge volume, discharge energizing etc.

There exist numerous studies devoted to the physics of
the dielectric barrier discharge as well as the effects of the
above-mentioned quantities on the discharge performance
(Brandenburg 2017; Fridman 2008; Gibalov and Pietsch
2000, 2012; Kogelschatz 2003; Wei, Liang, and Zhang
2018a). For a wide range of these quantities, we focused
in this study on the role of airflow and its orientation with
respect to the microdischarges on ozone generation and

electrical parameters of the surface dielectric barrier dis-
charge in cylindrical configuration with two different geo-
metries of the active electrode. The effect of the gas flow
direction on ozone generation by concentric actuator has
been investigated in (Jodzis, Smolinski, and Sowka 2011). It
has been shown that the concentration of ozone generated
from oxygen by concentric actuator slightly depends on the
oxygen flow direction.

A detailed study of the interaction between high-speed
gas flows and surface dielectric barrier discharges is pre-
sented in (Pavon et al. 2007). It is demonstrated that the
airflow has a significant influence on the plasma charac-
teristics: the glow component is reduced, the discharge
becomes more filamentary and most importantly, the
light emission duration from individual microdischarges
is reduced by more than a factor of 10 at high-flow
velocities. Besides in Pavén (2008) is shown, for this
discharge, the voltage at which the plasma ignites uni-
formly over the whole electrode surface depends on the
orientation of the flow with respect to the conducting
strips electrode. When the flow is parallel to the strips,
this voltage at 1 kHz driving voltage frequency and Mach
number M = 0.7 doubles in comparison with the dis-
charge without airflow, whereas it is only multiplied by
1.4 if the flow is perpendicular to the strips.
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Czech Republic
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The effect of the flow orientation concerning the
electrode symmetry on the diameter of the discharge
channel for the pulsed dielectric barrier discharges was
investigated in (Hoft, Becker, and Kettlitz 2016). It is
found that this diameter changes due to the change of
charge density owing to the convective transport under
the action of airflow.

The flow stabilization of the discharges is discussed in
(Bruggeman, Iza, and Brandenburg 2017). It is stated
that varying the gas flow rate does not only control heat
removal but also affect mixing of gases and residence
time of species, which affects the overall performance of
the plasma source. The investigation of airflow effects on
the dielectric barrier discharge with single/double dis-
charge channel arrangement was performed in (Fan
et al. 2018). The transition from a filamentary discharge
to a diffuse discharge is observed under certain airflow
conditions, and the discharge channels move with the
airflow with a movement velocity less than the corre-
sponding airflow velocity.

Ozone production utilizing surface dielectric barrier
discharge in planar configuration was experimentally
studied for different flow patterns considering the influ-
ences of transversal flow, lateral flow, and different lat-
eral flow positions in (Xie et al. 2019). The attention was
devoted to the effects of gas flow pattern on the genera-
tion of ozone in surface dielectric barrier discharge. The
results show that the flow patterns have a remarkable
impact on the ozone yield by affecting the uniformity
and turbulence of gas flow.

The effect of gas flow design on the performance of
a dielectric barrier discharge reactor for dry reforming of
methane was investigated in (Uytdenhouwen et al.
2021). A new multi-inlet/outlet parallel plate DBD reac-
tor was designed that allows to quickly change the geo-
metry of the reaction volume, in order to accommodate
a multitude of different flow and mixing patterns. It was
shown that, besides the choice of the main gas, the
direction of gas flow largely affects the conversion and
energy cost, while the gas inlet position during separate
addition only influences the product distribution.

An important role in surface DBD ozone generation is
played by the number of the microdischarges generated
in the discharge volume. The effect of the number density
of plasma channels and lower voltage for the same spe-
cific input energy on ozone synthesis from air and oxy-
gen was explored in (Malik and Hughes 2016). It was
found that the number of plasma channels and energy
per pulse increased in direct proportion to the increase in
the effective length of the high voltage electrode.

An integral part of almost each paper dealing with the
dielectric barrier discharge is a section dealing with the
electrical parameters of the discharge. Thus, the

equivalent circuit approach for the electrical diagnostics
of dielectric barrier discharges is presented in (Pipa and
Brandenburg 2019). This contribution presents the main
stages of the development of electrical diagnostics of
DBDs, which are based on lumped electrical elements.

The effect of airflow orientation with respect to the
strips active electrode on the concentration of ozone and
nitrogen dioxide produced by the planar surface dielec-
tric barrier discharge was investigated in (Mikes,
Pekérek, and Soukup 2016). It was found that in the
investigated range of discharge power, the ozone, as well
nitrogen oxide, concentrations increase when airflow is
oriented in parallel with respect to the strips active
electrode. A 3D numerical model describing ion trajec-
tories and airflow patterns has also been developed.

The air supply mode effects on ozone production
from surface dielectric barrier discharge in a cylindrical
configuration with the active electrode in the form of
interconnected rings with tangential or axial input of air
into the discharge chamber were studied in (Pekarek
et al. 2021). The attention was paid to the correlation
between ozone concentration, discharge power, and
temperature of the air at the output of the discharge
chamber as a function of the duration of the experiment
for both tangential and axial air supply modes. It was
found that the ozone production yield for tangential air
supply is slightly higher than for axial air supply mode at
high discharge powers.

However, many commercial ozonizers use only one
air input - radial or axial. We, therefore, performed
a detailed investigation of various air input effects on
ozone synthesis in surface dielectric barrier discharge in
a cylindrical configuration. We used three different air
inputs - radial, axial, or tangential. We also investigated
the role of changing the number of air input nozzles in
the discharge volume from 1 to 4. Besides, we also
altered the geometry of the active electrode of the dis-
charge from the rings to the strips, and finally, the
experiments were performed with two different tem-
peratures of cooling water and in the thermobox,
10 °C, and 20 °C. Therefore, the results obtained in
this study substantially extend our previous research
and fully justify already received results (Mikes,
Pekérek, and Soukup 2016; Pekarek et al. 2021).

Experimental arrangement

The experimental arrangement used in this study is
shown in Figure 1. It consists of a cylindrical discharge
chamber, the air source accompanied with the measure-
ment of air’s temperature, pressure, and humidity,
power supply system with the equipment of electrical
parameters of the discharge measurements, ozone
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Figure 1. Experimental arrangement.

analyzer, cooling system with the temperature stabiliza-
tion box, and a control system. This figure shows the
arrangement with the rings active electrode and the
inner part of the input cap with four axial nozzles. This
experimental arrangement is a modification of the sys-
tem, which is described in our previous paper (Pekarek
et al. 2021).

The cylindrical discharge chamber consists of three
coaxial tubes. The outer tube of an outer/inner diameter
30/24 mm, respectively, and 172 mm was made from
polymethyl methacrylate - PMMA. The Simax glass
inner tube with an outer diameter of 20 mm and an
inner diameter of 17.4 mm, had a length of 150 mm. The
discharge is produced in the annular space between
these two tubes. Finally, a brass tube of an inner dia-
meter of 13.8 mm was closely inserted into the Simax
tube.

The input of air into the discharge volume is through
the input cap situated on the discharge chamber’s left
side. The output of air with ozone and other discharge
products is through an output cap on the other side of
the chamber.

The input cap consisted of the outer and inner parts.
The outer part of this cap encloses the inner part so that
there is a space between these two parts from which the
air is supplied to the individual nozzles. In this way, the
pressure of air in this region is constant. The inner parts,
which were inserted into the cap’s outer part, were
different to vary the airflow orientation concerning the
active electrode. The second difference consisted in the
number of nozzles to the discharge volume. We used
one or four nozzles, each with a diameter of 2 mm. The

nozzles were oriented so that the radial, axial, or tangen-
tial flow in the discharge chamber was created. The
experiments were therefore performed with six different
inner parts of the input cap.

Throughout this paper, for the strips and the rings,
active electrode following system is used to describe the
number of input nozzles and way of air input through
the inner parts of the input cap to the discharge cham-
ber. The number (1 or 4) at the beginning of the acro-
nym expresses the number of nozzles, and capital letters
A, R, or T are used for the way of air input. Thus, the
letter A is for axial air input, letter T expresses tangential
air input, and finally, letter R is used for radial input,
W means without airflow. As an example, the acronym
4 T is used for four input nozzles oriented tangentially.
As an illustration, the inner parts of the input cap with
four nozzles (a, b, ¢) and the inner part of the output cap
(d) are shown in Figure 2. These components were
printed from the polylactic acid on - PLA a 3D printer,
and their geometry was designed in the OpenSCAD
program.

The output cap also consisted of two parts. The outer
part of this cap was the same as the outer part of the
input cap. However, the output of air from the discharge
space is directed to the annular volume and finally to the
exhaust. The outer parts of both caps were made from
polyamide. The outer parts of the input and the output
cap can be seen on the discharge chamber’s general view,
shown in Figure 3.

The electrode system of the surface dielectric barrier
discharge consists of the active and grounded electrodes
separated by the Simax glass tube. The active electrode,
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Figure 2. The inner parts of input/output caps. a) Inputs — 4A; b)
Inputs — 4 T; ) Inputs — 4 R; d) Air output.

made from 0.06 mm thick copper foil, was glued on this
Simax tube’s outer side. As a grounded electrode, which
was simultaneously used for cooling, a brass tube was
used. The experiments were performed with two geo-
metries of the active electrode.

e The electrode was made from 30 rings of 1 mm
width and 3 mm gap between the rings. The rings
were connected in parallel (Figure 4(a)).

o The electrode consisted of 16 strips connected on
both ends by a ring of the same dimensions as in
the preceding case (Figure 4(b)).

In Figure 1, it is shown that the discharge chamber
has an active electrode in the form of rings. Considering
the Simax glass’s relative permittivity, at temperature

Figure 3. General view of the discharge chamber. 1 - Discharge
chamber; 2 - Air input cap; 3 — Air output cap; 4 — Brass tube.

Figure 4. Geometries of the active electrode. a) Rings; b) Strips.

20 °C and frequency 1 MHz of 4.6, the electrode system’s
capacitance for the frequency 10 kHz was 104.8 pF for
the rings active electrode and 151.1 pF for the strips
active electrode.

To keep the temperature of the discharge chamber
constant, we used two methods. Firstly, the cooling
water flowing through the central brass tube was sup-
plied to the thermostat WCR P12. The temperature of
the water (TW) was in this way controlled. Secondly, the
discharge chamber was placed into the cooled thermo-
box POL-EKO-APARATURA, offering the possibility of
regulating the temperature from +3 to +70 °C with
accuracy 0.1 °C. The experiments were performed
with the cooling water TW temperature, and the tem-
perature in the thermobox TT adjusted to 10 °C
or 20 °C.

This air is supplied from an oil-free compressor
through a membrane dryer (MD) and mass flow con-
troller (MFC). The relative humidity RH, temperature
T1, and pressure P of air before the discharge chamber
input (see Figure 1) were monitored. We also measured
the temperature T2 of air at the output from the dis-
charge chamber. To monitor the relative humidity, we
used a TH3 sensor. A digital manometer detected the
pressure Siemens Sitrans P. Finally, the air temperature
was measured by the optical fiber thermometer Neoptix.
A BMT 964 ozone analyzer measured the concentration
of generated ozone at the output from the discharge
chamber.

The power supply system consisted of the function
generator KEYSIGHT 33500B, a wideband AC power
amplifier AL-1400-HF-A (1000 W, frequency response
5 Hz to 800 kHz), and a high-frequency high-voltage
transformer AL-T1000.7 (1000 W, frequency response
3.5to 11 kHz).

The discharge’s electrical parameters were recorded
by a digital four-channel oscilloscope Tektronix
MDO4054B-3 (3 GHz, 2.5 GS/s). The discharge voltage
signal Vj(t), measured by a high-voltage probe Pintek
HVP-28HF (division ratio 1000/1, frequency up to
200 MHz), was sampled and recorded on the first chan-
nel of this oscilloscope. The discharge current,



monitored by a Pearson current monitor (PCM - model
2877, bandwidth up to 200 MHz), was recorded on this
oscilloscope’s second channel. The discharge power was
calculated from the following equation:

1

p=—.
N £
j=1

Vi(t) - L(1) - dt i)

In this equation N denotes the number of samples per
period, and Vj(t) and Ij(t) are voltage and current sig-
nals, respectively.

To perform the experiments, we developed a control
system. The measuring instruments were connected
using their voltage outputs (0-10 V) or through current
loops (0/4-20 mA). Individual measurements consisted
of predefined autonomous steps. The first step was to
check the system’s integrity and the setup of all the
measuring chain elements. The following step consisted
in the initiation of measurements by activating the out-
put of the function generator, corresponding to the
amplitude of the discharge voltage of 3320 V. This vol-
tage was kept constant for 22 minutes during which
non-electric quantities (temperature, pressure, and
humidity of air together with ozone concentration)
were recorded in two seconds intervals, while electric
signals V;(t), and Ii(t), were saved each 2 minutes. For
one minute the function generator was switched off in
the following step so that ozone from the ozone monitor
and the discharge chamber was removed. In the next
step, the discharge voltage was increased so that the
voltage interval between initial voltage 3320 and max-
imum voltage 6240 V was divided into ten equal steps.
For this voltage, the measurements of all the quantities
mentioned above were repeated. This procedure contin-
ued until the discharge voltage reached the maximum
value of 6240 V. The time interval of 22 minutes was
chosen to record both ozone concentration during the
transition process after switching on the discharge and
its stable value.

The photos of the discharge with and without airflow
and with the strips and rings active electrode are shown
in Figure 5.

The fundamental conclusion taken from these photos
is that depending on the active electrode’s geometry, the
orientation of the microdischarges concerning the axis
of the cylindrical discharge tube changes. As long as the
active electrode in the first case is in the form of axial
strips (a), the microdischarges are oriented azimuthally.
In the second case (b), the active electrode is in the form
of rings so that the microdischarges are oriented axially.
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Figure 5. The discharge — a) with the strips electrode without
airflow, b) with the strips electrode with airflow, ) with the rings
active electrode with airflow, d) with the rings active electrode
without airflow. The airflow through the discharge chamber 6
sim and effective voltage 3860 V.

Results

In this paper, we studied the effect of airflow orientation
concerning the microdischarges, the impact of air input
nozzle number into the discharge chamber, and the
effect of the active electrode geometry on ozone produc-
tion and electrical parameters of the surface dielectric
barrier discharge in a cylindrical configuration. We
tested radial, axial, or tangential air inputs through one
or four nozzles into the discharge chamber. We used the
active electrode in the form of strips or rings. Both
numerical modeling and the experiments were per-
formed with a constant airflow of 6 slm through the
discharge chamber.

Numerical modeling of the flow

To have a deeper insight into the streamlines patterns,
we performed numerical modeling of the flow in the
discharge chamber for radial, axial, and tangential air
inputs through one or four nozzles. It should be pointed
out that the output from the discharge chamber was the
same for all these cases. The models were built in the
COMSOL environment. We considered air to behave as
an incompressible Newtonian fluid, i.e., its flow being
governed by the following Navier-Stokes equations:

VV =0 2]
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-
pa—‘: +pV =, VV = -VP 3]
In this equation Vi Qi X (0, T) — R? denotes air velo-
city field, P : Q,;» X (0, T) — R denotes air pressure, p =
1.225 kgm™> stands for air density, and y,, = 1.886 x
107> kgm~!s™! expresses air viscosity. The initial and
boundary conditions are assumed to be as follows:

V (x,0) = 0in Qg [4]
V(x,t) = 00n T yaps x (0,T) [5]
V(x,t) = Vin(x,t) on Ty x (0,T) (6]
ov
W (X, t) =0on Fout X (0, T) [7}

where 7,',,(x, t) =31.831ms 'inl;, x (0,T) is the
input velocity of air. For demonstration purposes, we
present in each of the following figures 50 streamlines.

One air input nozzle

The streamline patterns for one air input nozzle oriented
axially, radially, and tangentially are shown in Figure 6.
Besides, the streamlines the bar-graphs of the airflow
velocities are also presented.

Figure 6(a) shows that for axial air supply into the
discharge chamber, the flow looks like a “beam” filling
a relatively small part of the discharge chamber volume.
Figure 6(b) shows the streamlines for radial air input. In
this case, we can see that the streamlines occupy a more
important part of the discharge chamber, and in more
than half of its length, they are oriented axially. This type
of air input is the most frequently used in commercial
ozone generators. Finally, Figure 6(c) is for tangential
input of air. This figure shows that approximately in the
first third of the discharge chamber length, the vortex
flow is created. This vortex along the discharge cham-
ber’s length gradually extinguishes so that in the right
part of the discharge chamber, the axial airflow is
prevailing.

Four air input nozzles
In Figure 7, the results of numerical modeling for four
air input nozzles oriented axially, radially, and tangen-
tially are shown. As long as the airflow through the
discharge chamber for one and four nozzles is the
same, the input air velocity for four nozzles is substan-
tially lower than in the case of one air input nozzle.
The first general conclusion from the comparison of
the results for one and four input nozzles is that there
is a more uniform distribution of the streamlines

within the whole discharge chamber than in the case
of one input nozzle. The streamlines patterns for axi-
ally oriented four input nozzles are shown in
Figure 7(a). Due to the interaction of the flows from
the neighboring nozzles in the initial part of the dis-
charge chamber, there appears turbulent airflow that
gradually changes into a uniform flow, mainly in
the second part of the discharge chamber. The results
for the radial input of air are shown in Figure 7(b). It is
seen that the streamlines are almost uniformly distrib-
uted azimuthally as well along the length of the dis-
charge chamber. Finally, Figure 7(c) shows the
situation for tangential air input. Similarly, as in the
case of one input nozzle, a vortex flow develops
approximately in the same part of the discharge cham-
ber length. This can be caused by the fact that the
number of nozzles was increased from 1 to 4; however,
air input velocity was decreased by the same ratio.
From Figures 6 and 7 can be concluded that by the
proper choice of air input into the discharge chamber
and the suitable choice of input nozzle number, it is
possible to distribute working gas in the chamber more
uniformly. Simultaneously, it is possible to change the
orientation of streamlines from axial to tangential. The
streamlines’ orientation plays an important role
because it influences the properties of microdischarges.

Experiments

During the experiments, the airflow of 6 slm through the
discharge chamber was kept constant. The relative
humidity of the air was circa 3%. The air temperature
at the input into the discharge chamber and the tem-
perature of cooling water, and the temperature in the
thermobox were adjusted to 10 °C or 20 °C. The dis-
charge was driven by the sinusoidal voltage of frequency
10 kHz. Our experiments with both geometries of the
active electrode and all air inputs were performed with
the same discharge chamber. For both active electrode
geometries, the condition to keep constant the width of
the active electrode and the distance between neighbor-
ing strips/rings resulted in the different lengths of the
strips and rings active electrode. The number of micro-
discharge originating from the active electrode increases
with the discharge voltage, but it also depends on the
active electrode’s length (Malik and Hughes 2016). The
production of ozone and the electrical parameters of the
discharge depend on the number of microdischarges. As
long as the lengths of the rings and strips active electrode
were different, it is not possible to compare ozone con-
centration and the electrical parameters of the discharge
for the strips and rings active electrodes quantitatively.
On the other hand, it is justified to compare



Figure 6. Airflow streamlines in the discharge chamber for one
input nozzle. a) Nozzle axial — 1A; b) Nozzle radial — 1 R; ¢) Nozzle
tangential - 1 T.

quantitatively the effect of the way of air input (tangen-
tial, radial, or axial) through one or four nozzles for the
strips or rings active electrode separately.

The strips active electrode

This section summarizes the results dealing with the
concentration of ozone and electrical parameters of the
discharge with the strips active electrode for one or four
air input nozzles oriented radially, axially, or tangentially.
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Figure 7. Airflow streamlines in the discharge chamber for four
air inputs nozzles. a) Nozzles axial — 4A; b) Nozzles radial - 4 R; ¢)
Nozzles tangential — 4 T.

One input nozzle. The dependences of ozone concen-
tration as a function of the discharge power for the strips
active electrode and one air input nozzle oriented
radially, axially, or tangentially are shown in Figure 8.
The electrical parameters of the discharge are given in
Figures 9-11.

From Figure 8 can be seen that the effect of the way of
air supply into the discharge on the concentration of
ozone produced by the discharge can be observed for
higher discharge powers. The highest ozone concentra-
tion of circa 1900 ppm is obtained for radial air input
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Figure 8. Ozone concentration versus instantaneous discharge
power for the strips active electrode and one air input nozzle
oriented radially, axially, and tangentially.

and discharge power 44.6 W. In this case, the micro-
discharges are oriented azimuthally. As seen from the
streamline patterns in Figure 6(b), most of them are
oriented axially; therefore, they are perpendicular to
the microdischarges. In this case, the flow strongly
affects the microdischarges, which results in the highest
ozone concentration. Therefore, these considerations
justify our assumption that the airflow orientation
plays an important role in discharge ozone production.

Based on the measured instantaneous current signals we
calculated effective values of the discharge current, which
are shown, as a function of the effective voltage, in Figure 9.

From the dependencies of the effective current versus
discharge voltage, see Figure 9, it appears that for
a particular voltage, the way of air input has a minimal
effect on effective values of current. The dependences of
the phase shift and the discharge power on the effective
voltage are shown in Figures 10 and 11, respectively.

The measured current I(¢) contains the current asso-
ciated with charge transfer and the displacement current
in the gas gap. At the low amplitude of the applied
voltage V(t), the discharge is not ignited, and there is
no charge transfer. In this situation, the ozone generator
behaves like an ideal capacitor. The phase shift between
the effective voltage and current signals is 90 degrees
(see the first point in Figure 10).

To calculate the phase shift between the voltage
and current signals, we used a numerical code imple-
mented as a Matlab function. The measurement is
based on Discrete Fourier Transform and Maximum
Likelihood estimation of the signals’ initial phases
(Sedlacek 2003; Sedlacek and Krumpholc 2005). The
method is highly noise resistive. From Figure 10 can
be seen that for the low voltage, the phase shift is 90
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Figure 9. Effective values of the current versus discharge voltage
for the strips active electrode and one air input nozzle oriented
radially, axially, or tangentially.
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Figure 10. Phase shift versus effective discharge voltage for the
strips active electrode and one air input nozzle oriented radially,
axially, or tangentially.

degree, which corresponds to the displacement cur-
rent. With increasing voltage, the phase shift
decreases, and for these higher voltages, the way of
air supply does not affect it.

The electrical behavior depicted in Figures 9, 10, and
11 has been observed in all configurations of electrodes
and input nozzles described below. All conducted
experiments show that the way of air supply does not
substantially affect the electrical parameters of the dis-
charge, including instantaneous power.

Four input nozzles. The dependence of ozone concen-
tration as a function of discharge power for the strips
active electrode and four air input nozzles oriented
radially, axially, or tangentially are shown in Figure 12.
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Figure 11. Instantaneous discharge power versus effective vol-
tage for the strips active electrode and one air input nozzle
oriented radially, axially, or tangentially.

The results dealing with the dependence of ozone
concentration on the discharge power presented in this
figure can be explained based on the same considera-
tions used to justify the results obtained for one input
nozzle (Figure 8). However, to show that the explanation
also works for the smallest ozone concentration, we
show that, in this figure, the lowest ozone concentrations
is also obtained, that is, for tangential air input 4 T. For
this input for the discharge power 44.6 W, the concen-
tration of generated ozone is circa 1663 ppm. From the
streamlines patterns in Figure 7(c), it can be seen that
the vortex flow is created in the left part of the discharge
chamber. For the strips active electrode, the micro-
discharges are oriented azimuthally. Thus, in the dis-
charge chamber volume with vortex flow, the airflow
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Figure 12. Ozone concentration versus instantaneous discharge
power for the strips active electrode and four air input nozzles
oriented radially, axially, or tangentially.
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streamlines are parallel to the microdischarges. Due to
this, the airflow in this region has no substantial effect on
the microdischarge channels, which results in a lower
concentration of generated ozone.

Increasing the amplitude of the applied voltage V()
increases the amplitude of the current peaks and the
amplitude of the displacement current as well. The cur-
rent peaks appear in a larger range, and they start earlier
regarding the voltage phase. The number of micro-
discharges slightly increases with the applied voltage
but its frequency stays constant (regardless with/without
airflow).

Figure 13 shows that due to the airflow there is only
a small effect on the shape of the current waveform. For
the highest voltage (3870 V) of both variants 4A and 4 T
with airflow, microdischarges decrease in the negative
half-period.

The rings active electrode

This section summarizes the results dealing with the
concentration of ozone and electrical parameters of the
discharge with the rings active electrode for one or four
air input nozzles oriented radially, axially, or
tangentially.

One input nozzle. The dependence of ozone concentra-
tion versus discharge power for the rings active electrode
and one air input nozzle oriented radially, axially, or
tangentially is shown in the following Figure 14.

From Figure 14 can be seen that for the discharge
with the rings active electrode and one input nozzle, the
highest ozone concentration of circa 1670 ppm and
discharge power 49 W is obtained for the discharge
with tangential air input 1 T. From Figure 5(c,d) it is
seen that the microdischarges are oriented axially.
Because in the case of 1A air input, the streamlines are
oriented axially and do not uniformly fill the whole
volume of the discharge chamber (see Figure 6(a)), the
effect of this flow on microdischarges on ozone concen-
tration will be minimal. In the case of 1 R air input (see
Figure 6(b)), there appear the streamlines with azi-
muthal components, so that it is reasonable to expect
a higher ozone concentration. Finally, for 1 T air input
in the left part of the discharge chamber, the vortex flow
is created. Consequently, there appear the streamlines,
which are perpendicular to the microdischarges. Due to
this, there is a maximum effect of the flow on the
microdischarges, which results in high ozone concentra-
tion. Thus, the maximum concentration of ozone pro-
duced by the discharge with the rings active electrode
depending on the orientation of the input nozzles, for
the discharge power of 49 W, follows this order:
1T>1R>1A.
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Figure 13. Instantaneous discharge current versus time for variants for the strips electrode a) 4A (highest ozone concentration) and b)
4T (lowest ozone concentration); red curves for effective voltage 2200 V and blue curves for effective voltage 3870 V; for each pair, the

bottom curve is without airflow.
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Figure 14. Ozone concentration versus instantaneous discharge
power for the rings active electrode and one air input nozzle
oriented radially, axially, or tangentially.

Four input nozzles. The dependence of ozone concen-
tration versus instantaneous discharge power for the
rings active electrode and four air input nozzles oriented
radially, axially, or tangentially is shown in Figure 15.
Similarly, as in the case of four input nozzles for the
discharge with the strips active electrode, we show that
our explanation also works for the smallest ozone con-
centration for the discharge with the rings active elec-
trode. From Figure 15 can be seen that for the discharge
power of 49 W, the smallest ozone concentration of 1492
ppm was obtained for 4 R air input. From the

comparison of streamlines and microdischarges orienta-
tions, the streamlines are primarily parallel to the micro-
discharges; therefore, the effect of the flow on their
properties will be the smallest.

Figure 16 confirms the same results as in Figure 13
that the airflow has only a small effect on the shape of the
current waveform. In the case of both variants 4 T and
4 R with airflow there is a decrease in the number of
microdischarges in the negative half-period.
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Figure 15. Ozone concentration versus instantaneous discharge
power for the rings active electrode and four air input nozzles
oriented radially, axially, or tangentially.
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Figure 16. Instantaneous discharge current versus time for variants for rings electrode a) 4 T (highest ozone concentration) and b) 4 R
(lowest ozone concentration); red curves for effective voltage 2200 V and blue curves for effective voltage 3870 V; for each pair, the

bottom curve is without airflow.

For lower voltages (red current curves in Figures 16
and 13), the airflow helps to increase the number of
microdischarges. This can be caused by a better distri-
bution of accumulated charged and high-energy parti-
cles (Wei et al. 2018Db).

The effect of the number of air input nozzles and
temperature on discharge ozone production

From the previous results, it can be concluded that the
number of nozzles for radial, tangential or axial air input
into the discharge chamber has a strong impact on the
discharge ozone production. For the constant airflow,
this number determines not only the air velocity at the
particular input to the discharge chamber but mainly the
uniformity of the streamline distribution. This distribu-
tion influences the number of microdischarges that are
the most effectively affected by the flow. Besides, it also
has an impact on the temperature field distribution in
the discharge chamber.

For illustrative purposes, we show ozone concentra-
tions and production yields for the number of air input
nozzles and their types (axial, radial, or tangential) giv-
ing the most extreme changes of these two quantities.
These dependences are given for both the strips and the
rings active electrode and for two temperatures, 10 °C or
20 °C, respectively.

The ozone production yield « is defined as a mass of
ozone produced by 1 kWh of energy. This quantity is for
our experimental conditions calculated from the follow-
ing expression:

o 0.771 - Os 8

p
where « is in g/kWh, ozone concentration Oj; is in ppm
and discharge power P is in W.

The numerical constant 0.771 in this expression
involves the density of ozone as well as all conversion
factors of the airflow rate, power, and energy.

For the strips active electrode, the most marking
difference in ozone concentration is for 1A and 4A
input nozzles. For this versions of air inputs, the ozone
concentration and production yield for two tempera-
tures, 10 °C and 20 °C are shown in Figures 17 and 18.

According to our modeling study for 1A air input (see
Figure 6), the flow looks like a “beam” filling a relatively
small part of the discharge chamber volume. Because of
this, only a relatively small number of microdischarges
are effectively influenced by the flow. Thus, for the
temperature 10 °C can be from Figure 17 seen that for
the discharge power of 44.6 W, the concentration of
generated ozone is 1502 ppm.

From Figure 7 can be seen that, in the case of 4A
inputs, the streamlines occupy a more significant part of
the discharge chamber volume, and turbulent flow in the
initial part of the discharge chamber gradually changes
into a uniform flow, mainly in the second part of the
discharge chamber. As a result of this flow interaction
with the microdischarges, the concentration of gener-
ated ozone, for the same discharge power as for 1A air
input and temperature, is increased to 1920 ppm,
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Figure 17. Ozone concentration for the strips active electrode,
air inputs 1A and 4A and temperatures 10 °C (full symbols) or
20 °C (empty symbols).
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Figure 18. Ozone production yield for the strips active electrode,
air inputs 1A and 4A and temperatures 10 °C (full symbols) and
20 °C (empty symbols).

representing the increment of 26%. From this figure, it is
also nicely seen, that for higher power, the increase in
temperature decreases ozone concentration.

The effect of the change of air input nozzles on ozone
production yield for the same version of air inputs 1A
and 4A, the same strips active electrode and tempera-
tures 10 °C and 20 °C is shown in Figure 18.

From this, Figure 18 can be seen that for the strips
active electrode the increase in the ozone production
yield for 10 °C when the air input changes from 1A to
4A for power of 44.6 W represents approximately 27%.
Similar result is obtained also for the temperature of
20 °C. For the rings active electrode, the most marking
difference in ozone concentrations was obtained for 1A
and 4 T air input nozzles. For this versions of air inputs

the ozone concentrations and production yields for tem-
peratures 10 °C and 20 °C are shown in Figures 19 and
20, respectively. These results can be explained on the
base of the same considerations as in the case of the
strips active electrode.

From this, Figure 19 can be seen that for the rings
active electrode the ozone concentration for the power
of 49.5 W and temperature 10 °C when the air input
changes from 1A to 4 T increases from 1341 to 1684
ppm, which represents approximately 26%. Similar
results were obtained also for the temperature of 20 °C.

From Figure 20, it can be seen that for the rings active
electrode the increase in the ozone production yield for
temperature 10 °C when the air input changes from 1A
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Discharge power (W)

Figure 19. Ozone concentration for the rings active electrode, air
inputs 1A and 4A and temperatures 10 °C (full symbols) and
20 °C (empty symbols).
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Figure 20. Ozone production yield for the rings active electrode,
air inputs 1A and 4 T and temperatures 10 °C (full symbols) and
20 °C (empty symbols). There was wrong y axis.



to 4 T and for power of 49.6 W represents approximately
25%. Similar result is obtained also for temperature
of 20 °C.

To demonstrate the effect of air inputs into the dis-
charge chamber on the distribution of the temperature
field, we used IR camera Flir E6.

In Figure 21(a), it is shown the thermographic image
of the discharge chamber without the discharge, airflow
6 slm and input cap 1A at the bottom. Due to this way of
air input, the air in the discharge chamber moves axially,
and the temperature field distribution along the dis-
charge tube length is uniform.

The thermographic image of the chamber after 2 min-
utes of discharge duration is shown in the Figure 21(b).
This image is taken for the same airflow and position of
the input cap as in the Figure 21(a). In this case the
discharge power was 39.1 W. Because of the discharge
the air was heated and consequently the temperature in
the discharge chamber was increased. Heating the air
along the discharge chamber caused the highest air
temperature at the output (at the top). From Figure 21
(b) can be concluded, that the temperature distribution
is also uniform.

The following two figures in Figure 22 are also for the
rings active electrode and 4 T air input cap.

The Figure 22(a) shows the thermographic image of
the discharge chamber without the discharge, airflow 6
slm, and the input cap 4 T at the bottom. The
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thermographic image of the chamber after 2 minutes
of discharge duration is shown in the Figure 22(b). This
image Figure 22(b) is taken for the same airflow and
position of the air input cap as in the Figure 22(a). In this
case, the discharge power was 39.5 W. If we look on the
results of modeling study of streamlines patterns for 4 T
air input, shown in Figure 7(c), we can see a vortex flow
that develops in the input part of the discharge chamber.
In the thermographic image, the existence of this vortex
flow is reflected by the inclined bright and dark regions.

From these results, it can be concluded that the tem-
perature field distribution in the discharge chamber is
affected by the airflow regime in the chamber, and the
way of the air input determines this regime.

Discussion

The obtained results could be understood at least quali-
tatively based on the following considerations. The typi-
cal property of DBDs is that in most gases at about
atmospheric pressure, the breakdown is initiated by
a large number of independent current filaments or
microdischarges. These microdischarges can be charac-
terized as weakly ionized plasma channels with proper-
ties resembling those of transient high-pressure glow
discharges. The number of microdischarges per unit of
electrode area and time depends on the discharge vol-
tage. The strength of the microdischarge, which can be

Figure 22. Thermographic images for 4 T input nozzle for the discharge with the rings active electrode.
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characterized by the energy deposition in the micro-
discharge channel, is determined by discharge energiz-
ing, the type and properties of the feeding gas, the gap
spacing, and properties of the dielectric or the metal
electrode. Besides radiation and collisional gain and
loss, drift, diffusion, the convection of particles due to
the neutral gas flow also contributes to the particle
balance of charged and excited species in the micro-
discharge. Thus, the gas flow is also an important con-
trol parameter of the microdischarges.

Since ozone is formed only in these microdischarges
and not in space between (Kogelschatz 2003), the change
in the number of the microdischarges and their proper-
ties will result in the change of discharge ozone produc-
tion. The control of the plasma conditions inside the
microdischarge columns is therefore of great impor-
tance for optimizing the reaction kinetics of ozone
formation.

The overall yield of plasma processes in DBDs is
determined by the multitude of discharges, but the
properties of the single discharge determine the main
processes. Therefore, it can be said that the DBD is
characterized by conversion of electric field energy to
chemical or physical processes or heating of the gas or
surfaces and the effectiveness of a special application of
DBDs crucially depends on the dynamics of charge
transfer within the discharge (Gibalov and Pietsch
2000). While the energy of the electrons is used for
chemical and physical purposes, the energy of the ions
is, in general, useless, but controls the stability of the
discharge. This energy conversion efficiency is deter-
mined by the total amount of energy released in the
discharge volume per unit of time. This quantity,
expressed as a power density, depends on the electric
field strength and current density, or

p=jJE [W/m’] [9]

The current density j can be expressed by the following
equation:

j = +uNE — DVN + VN [A/m’] [10]

In this expression, N = e.n, is the density of charged
particles, y is charged particles mobility, E is the electric
field, v is a local velocity, and D is the diffusion coefhi-
cient. Application of the flow on the discharge can affect
all three terms in the expression for the current density
and, consequently, energy transformations in the micro-
discharges. The airflow through collisions of the neutral
particles with ions affects microdischarge dimensions as
well as the mixing of the gas. In this way, it is influenced
by the size of the region in which the plasmachemical
processes occur. Obviously, in these processes important

role is played by the velocity of the flow, uniformity of
the flow in the discharge chamber, number of micro-
discharges (which is determined by the electrical para-
meters of the discharge and geometry of the active
electrode), and also the orientation of the flow concern-
ing the microdischarges. When the airflow is oriented
perpendicularly to the microdischarges, their radius is
effectively influenced, and, based on our results, there is
a maximum impact of the flow on plasmachemical pro-
cesses. Unfortunately, as it is often the case in plasmas,
one external parameter, such as the orientation of the
gas flow with respect to the microdischarges, affects
multiple aspects of the discharge simultaneously
(Bruggeman, Iza, and Brandenburg 2017). Thus, the
overall yield of plasmachemical processes in the dis-
charge is given by the synergy among all the above-
mentioned properties.

The ozone generation by DBD from the air is
a complex process involving many ozone formation
and destruction reactions. There exist different models
of this mechanism, which differ mainly by the number of
species and reactions involved (Kim et al. 2013;
Kitayama and Kuzumoto 1999; Kogelschatz, Eliasson,
and Hirth 1988; Yagi and Tanaka 1979).

Speaking generally, the mechanism of ozone genera-
tion by electrical discharge in the air is rather complex
due to the presence of nitrogen in the air. The presence
of nitrogen causes ozone destruction processes because
of the existence of nitrogen oxides. A simple model of
ozone formation from air involves the following reac-
tions. The initial step is the electron impact dissociation
of molecular O, and N;.

The initial step in the formation of O; and NO is the
electron impact dissociation of molecular O, and N:

e+0, - 0+0+e [11]

e+ N, - N+ N+e [12]

The threshold electron energy for molecular oxygen
dissociation is 6 eV or 8.4 eV. Similarly, the threshold
electron energy for nitrogen molecular dissociation is
6.17 eV or 7.35 eV (Wei et al. 2019).

Atomic nitrogen reacts with O, and O; to form NO
by reactions:

N+ 0, —» NO+ 0O [13]

N+ 0O — NO + O, [14]

NO and NO, form a cycle for ozone destruction by
reactions:

0 + NO, — NO + 0, [15]



NO + 03 — N02 + 02 [16}
NO, is consumed by the following reactions:

N02 + O3 — NO3 -+ 02 [17}

N02 + NO3 — N205 [18}

and regenerated by reactions:

N205 — N02 -+ NO3 [20}
O + N205 — NOZ -+ N02 + 02 [21]

i i i i i
The main ozone formation reaction dominant at high
pressures is reaction:

O+0,+M — O + M [22]

Undesirable reaction, which determines the upper limit
of O concentration is:

O+0+M — O, +M 23]

In case of the discharge in air M represents molecular
oxygen or nitrogen. There are certainly other different
reactions destroying ozone. One example of catalytic
reaction destroying ozone is:

N02 + O3 — NO3 -+ 02 [24}

O + NO3 — Oz + N02 [25}

The presented model is very simple because it does not
include the reactions involving excited species, other
molecules or other ozone self-destruction reactions.
Reaction rates of individual reactions depend on var-
ious parameters, for example, on electric field, tempera-
ture, or pressure. The temperature, or more precisely the
temperature distribution in the discharge chamber, can
be affected by varying air input into the discharge cham-
ber. Thus, for example, the main ozone formation reac-
tion dominant at atmospheric pressure is reaction No.
(22), where M represents molecular oxygen or nitrogen.
In this case, the reaction rate dependence of the gas
temperature Ty is given by the following expression:

k=25-10"% . exp'™ 26]

where k is in ¢m® - s71.

From this expression, it is seen that the reaction rate
of ozone generation decreases with increasing gas
temperature.

Contrary to ozone, NO, formation is favored by heat
and linked with the discharge path temperature. Thus,
for example, the reaction No. (16) is significantly
enhanced by increasing the gas temperature
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71300)

k=15-10"2 . exp s [27]

where k is in cm?® - 571,

For example, for the ozone formation reaction No.
(22), the increase in the temperature from 10 °C to 20 °C
causes the 10% decrease of this reaction rate. On the
other hand, the same change of temperature for the NO,
formation reaction No. (16) causes increase of this reac-
tion rate by 16%. Certainly, the discharge ozone produc-
tion results from the reaction rates of all individual
reactions involved in the process. Increasing gas tem-
perature substantially ozone generation
processes.

The effect of temperature on the concentration and
production yield of generated ozone is nicely demon-
strated in Figures 17, 18, 19, 20 in the section The effect
of the number of air input nozzles and temperature on
discharge ozone production.

reduces

Conclusions

In this paper, we studied the effect of airflow orientation
concerning the microdischarges and the impact of air input
nozzle number on ozone production and electrical para-
meters of the surface dielectric barrier discharge in
a cylindrical configuration. The experiments were per-
formed with constant airflow through the discharge cham-
ber and two temperatures. Our findings can be summarized
as follows:

e For the maximum effect of the flow on ozone con-
centration produced by the surface dielectric bar-
rier discharge, the streamlines patterns should be
predominantly oriented perpendicular to the
majority of microdischarges.

o The streamlines patterns should be uniformly dis-
tributed in the discharge chamber volume. Their
distribution can be controlled by the number and
orientation of the input nozzles.

¢ An illustrative example of these two conclusions is
the increase in ozone concentrations and produc-
tion yield of circa 26% for the discharge with the
strips active electrode, power of 44.6 W when the
air input into the discharge chamber was changed
from 1A to 4A. For the rings active electrode, the
similar results were obtained for air inputs 1A and
4T.

e Electrical parameters of the discharge are not
strongly affected by air input for a particular geo-
metry of the active electrode.

e The increase in temperature decreases discharge
ozone production.
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To obtain the best yield of plasmachemical pro-
cesses in the discharge, the number and orientations
of the input nozzles together with the geometry of
the active electrode should be optimized, considering
the above-mentioned results. We hope that our find-
ings can contribute to a better understanding of the
interaction between the flow and microdischarges,
which will help to design more efficient ozone
generators.
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We investigated the effect of various photocatalysts - titanium, zinc, barium, and tungsten oxides on ozone
generation of the surface dielectric barrier discharge in air. The layers of these catalysts were deposited on the
side of the glass plate opposite the active electrode so that the emission from the discharge irradiated them. We
found that TiO, ZnO, and BaTiOg catalysts increase the concentration of ozone generated by the discharge. On
the other hand, the presence of WO3 in the discharge does not affect the ozone concentration. All these catalysts

Air show no substantial effect on the electrical parameters of the discharge.

1. Introduction

Ozone, due to its wide range of applications, such as water treatment,
medicine for wound decontamination and fast healing, sterilization,
inactivation of bacteria and viruses, food and vegetable storage, resto-
ration of buildings and other objects after fire or floods, or in agriculture,
is at the center of extensive research [1-3]. It is usually produced by
electrical discharges, electrochemical processes, or ultraviolet radiation.
Most ozone for the above applications is generated by electrical dis-
charges, corona, and dielectric barrier discharge [4,5].

To increase the efficiency of its production, various approaches
involve the choice of discharge energization, proper design of the elec-
trodes, or optimization of the gas flow in the discharge chamber.

An interesting alternative to these approaches is using various cat-
alysts that trigger plasma-catalyst interactions [6].

The ozone generation by electrical discharges from the air is a
complex process involving a chain of various reactions occurring in the
discharge volume. In the case of discharges with the presence of pho-
tocatalysts, the contribution of the surface reactions due to the activa-
tion of the photocatalysts by ultraviolet radiation emitted by the
discharge should be added to the volume reactions. These surface cat-
alytic reactions refer to breaking chemical bonds on the catalyst surface.
As long as the photocatalysts are used mostly semiconductor materials,
the energies of photons triggering catalytic reactions should be higher
than the forbidden energy gap. Consequently, the electrons from the
valence band can promote to a largely vacant conduction band, and
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positive holes with strong oxidizing capability are formed. The electrons
are capable of carrying out reduction reactions, and holes can carry out
oxidation reactions [7]. These reactions affect the mechanism of the
discharge ozone production. The mechanism of photocatalysis is shown
in Fig. 1.

Our previous paper [8] tested the titanium dioxide TiO5 and zinc
oxide ZnO effects of discharge ozone production. Now, besides these two
photocatalysts, we also examine the usage of barium titanate BaTiO3
and tungsten trioxide WO3 for these purposes. Our attention is also
focused on the time stability of ozone generation processes.

The most frequently used photocatalyst for the enhancement of
discharge ozone generation is TiOs. This photocatalyst is an n-type
semiconductor that can exist in several phases: TiO5 in an anatase phase
has a forbidden energy gap of 3.2 eV, TiO5 in a rutile phase has a
forbidden energy gap of 3.02 eV, and TiO; in a brookite phase has a
forbidden energy gap of 2.96 eV [9]. The energy gaps of 3.2 eV and 2.96
eV correspond to electromagnetic radiation of wavelengths 387 nm and
414 nm, respectively.

Zinc oxide ZnO is an n-type semiconductor with an energy gap of
3.37 eV at room temperature [10]. This energy gap corresponds to
electromagnetic radiation at a wavelength of 376 nm.

Barium titanate, BaTiOs, is an electrical insulator in its pure form.
However, when doped with small amounts of metals, it becomes an n-
type semiconductor with an energy gap of 3.3-3.5 eV [11,12]. This
energy gap corresponds to the electromagnetic radiation wavelength of
375-353 nm.
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Fig. 1. The mechanism of photocatalysis.

Tungsten trioxide WOj5 is an n-type semiconductor with a bandgap of
2.6 eV (highly crystalline) to 3.3 eV (amorphous) [13]. Corresponding
wavelengths are 476 and 374 nm. Moreover, the electrical and optical
properties of the WO3 can be changed by adding the dopants, including
metallic.

From what has been said, it is obvious that the photocatalytic activity
of the catalysts is triggered if the catalyst is irradiated by electromag-
netic radiation from the discharge of wavelengths, which corresponds to
the above-given forbidden energy bandgaps. In Fig. 3, we, therefore,
show the emission spectrum of the investigated discharge together with
the wavelength of radiation required for triggering the photocatalytic
reactions for different photocatalysts.

The stability of photocatalytic activity is one of the most important
parameters in ozone generation by electrical discharges with the pres-
ence of photocatalysts. Literature dealing with this problem is not too
numerous. On the other hand, the problem of stability of photocatalysts,
e.g., for the textile industry or water treatment, is treated in various
papers. The photocatalytic degradation of methyl orange using TiOo,
WOs3, and mixed thin films has been investigated in [14]. The stability of
the photocatalytic films in long-time running processes was examined in
a series of experiments using contact periods of up to 9 days. The results
show that the thin films maintained their photocatalytic properties
confirming their stability and viability for up-scaling. The paper [15]
presents the results obtained with heterogeneous catalytic ozonation in
model and natural waters in the presence of TiO5 supported on alumina.
In this work, the stability of the process with the catalyst was investi-
gated for a contact time of 30 min.

A comprehensive review of the interaction of the plasma produced
by the dielectric barrier discharge with different catalysts is given in
[16]. Thus, for TiO, and BaTiO3 catalysts used for CO5 decomposition,
the time dependence of the temperature of the catalyst surface during
the transition process lasting 25 min and its impact on CO3 conversion
was studied.

However, a comparative study of catalytic activity and the stability
of various catalysts in low-temperature plasma produced by the
dielectric barrier discharge is still missing. We used the concentration of
ozone generated by the discharge as an indicator of these two quantities.
We choose ozone because of the wide range of its applications.

Our paper studies various photocatalysts, TiO3, BaTiOs, ZnO, and
WO3, to compare their effects on ozone generation by the surface
dielectric barrier discharge in air. For this purpose, we developed a
measuring and control experimental system to ensure that the observed
effects can be attributed to the catalyst. Our attention was also focused
on the time dependence of the concentration of generated ozone. In this
context, we conducted a series of experiments devoted to the discharge
ozone production in a time period lasting 12 h. Apart from the ozone
produced by the discharge, we were also able to detect the effects, which
are in the majority of papers not observed, particularly small variations
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in the discharge's electrical parameters, which are usually hidden in the
temperature dependences of the experimental parameters.

2. Experimental arrangement

The experimental arrangement, shown in Fig. 2, consists of a
discharge chamber, power supply system, electrical diagnostics, control
system, spectrometer, ozone monitor, air feeding unit, water cooling
system, and thermobox.

The flat discharge chamber, produced by fused deposition modeling,
was printed by Prusa I3 - 3D printer from the polylactic acid filament. It
contains the electrode system on the ceramic plate. The dimensions of
the plate are 49.7 x 103.7 x 1.1 mm. The active electrode, on the upper
side of the plate, is formed by 19 interconnected parallel strips, each
with a length of 36.7 mm. The grounded electrode, in the form of a
parallelepiped, is made on the lower side of the plate. The capacitance of
the electrode system for the frequency of 10 kHz is 169.8 pF.

The upper side of the discharge chamber is closed by the glass win-
dow. On the inner part of this window, exposed to the active electrode, is
deposited the layer of the photocatalyst.

The air input into the discharge chamber is through ten openings in
the tube on one side of the active electrode. An identical tube with the
same number of openings is on the other side of the active electrode for
air output.

The power supply system consisted of the function generator KEY-
SIGHT 33500B, wideband AC power amplifier AL-1400-HF-A (1000 W,
frequency response 5 Hz to 800 kHz), and a high-frequency high-voltage
transformer AL-T1000.7 (1000 W, frequency response 3.5 to 11 kHz).
The discharge's electrical parameters were recorded by a digital four-
channel oscilloscope Tektronix MDO4054B-3 (3 GHz, 2.5 GS/s).

The voltage at the power supply's output was measured by a high-
voltage probe Pintek HVP-28HF (division ratio 1000/1, frequency up
to 200 MHz) and recorded on the first channel of this oscilloscope. The
voltage drop on the measuring capacitor was recorded on the second
channel. The discharge current, monitored by a Pearson current monitor
(PCM - model 2877, bandwidth up to 200 MHz), was recorded on the
third channel of the oscilloscope. In Fig. 2, the high voltage probe is
denoted as HVP, Pearson current monitor is PCM, and the probe for
measuring the voltage drop on the measuring capacitor is CVP.

To keep the temperature of the discharge chamber constant, the
chamber was placed in a thermobox, offering the possibility of regu-
lating the temperature from +3 to +70 °C with an accuracy of +0.1 °C.

The grounded electrode was cooled by water flowing through the
thermostat. The temperature Ty of the water was adjusted to the same
value as the temperature in the thermobox Tr.

The air into the discharge chamber was supplied from an oil-free
compressor through a membrane dryer MD and mass flow controller
MEC. The relative humidity RH, temperature T1, and air pressure P in
the discharge chamber input were also monitored. At the output from
the discharge chamber, we measured the temperature T2 of air by the
optical fiber thermometer and ozone concentration by a BMT 964 ozone
monitor.

The emission spectrum of the discharge in the range of 300-500 nm
was recorded using an HR2000 High-Speed Miniature Fiber Optic
Spectrometer. An optical fiber collected the spectrum through the
opening in the upper side of the discharge chamber, perpendicular to the
strip electrode.

To measure electrical as well as non-electrical quantities simulta-
neously, we developed a control system. All instruments were connected
- using voltage outlets (0-10 V) or by means of a current loop (0/4-20
mA) - into an automated computer-controlled measuring system. This
system consists of a central computer Raspberry Pi 4 for which the
control software was written in Python language. Individual measure-
ments consisted of predefined steps performed autonomously to retain
the identical character of all the measurements. The first step was aimed
at checking the system's integrity, and the setup of all the elements of the
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Fig. 2. Experimental arrangement.

measuring chain was checked back to the initial stage. Signals were
taken not only from individual sensors but also directly from the oscil-
loscope. Data were saved into CSV files and later processed and
analyzed.

2.1. Preparation of photocatalysts layers

All oxide coatings were deposited from the liquid phase by inkjet
material printing performed with the Fujifilm Dimatix DMP-2831
experimental printer. This technique is superior due to its versatility,
scalability, the efficiency of ink used, and its inherent direct patterning
capability. The ink used for printing contained nanoparticles of the
functional oxides and our proprietary oligomeric siloxane condensate
acting as dispersing and suspension stabilizing agents in the liquid ink
and a binding agent in the dry layer. As reported in our previous paper
[17] it provides excellent stability and flawless printability of the ink
and adequate adhesion and cohesion of the printed layer after solvent
evaporation. The functional oxidic nanoparticles were of various origins
but generally, all were prepared by the top-down approach, i.e., coarse
crystalline materials were mechanically disintegrated into fine particles
the size of which was in the range of a few hundred nanometers which
ensured a reliable passage through the 20-pm nozzle orifices of the
printer.

All printing inks were prepared following a common procedure: 2 ml
of stock polysiloxane binder solution (20 wt% in anhydrous ethanol)
were mixed with 6 ml of stock oxide dispersion (20 wt% in Dowanol PM
solvent) and 6 ml of isobutanol and 14 ml of n-hexanol. Thus, the total
dry mass loading of the printing ink was 5 wt% and the oxide/binder
ratio was 3:1 by weight. The stock dispersions of employed oxides were
prepared in the following way: ZnO nanoparticles were supplied by
Sigma-Aldrich as ethanolic suspension. The suspension was lyophilized
and resuspended into Dowanol PM by means of sonification. TiOy was
the Evonik P-25 grade, also supplied by Sigma-Aldrich. After a 20 wt%
suspension in Dowanol PM was prepared, 6 ml of it was combined with
approx. 2 cm® of 1-mm glass balls in a 20 ml glass vial. The vial was then
placed overnight on an oscillating lab shaker set to 1000 rpm. This
gentle improvised ball-milling step proved surprisingly effective and
resulted in the disintegration of larger multigrain titania aggregates
which constitute the raw P-25. WO3 and BaTiO3 were provided in the
form of coarse powders by Sigma-Aldrich, too. As determined by SEM
imaging, the powders consisted of large compact grains rather than
multigrain aggregates, so a more powerful milling method was
employed. Twenty wt% coarse suspensions in Dowanol PM were subject
to ball milling and regular sampling until the mean particle size deter-
mined by DLS dropped below 200 nm. Once this particle size was
reached, the printing ink was prepared following the procedure
described above.

The prepared printing inks were loaded into the Dimatix printer ink
reservoirs, clamped onto the 10 pl print head, and mounted into the
printer. The patterns of 65 x 26 mm size were printed onto microscope
slides (glass windows) of dimensions 76 x 26 x 1.1 mm with a drop
spacing of 40 pm. Four layers were overprinted, and the thickness of the
dry layers was 500 + 50 nm.

Further details of the catalyst layer deposition processes can be found
in our previous papers [18,19].

3. Experimental results

The experiments were performed with the sinusoidal driving voltage
of a frequency 10 kHz. The airflow through the discharge chamber was 4
standard liters per minute (slm), and the relative humidity of the air was
11%. The temperature of the cooling water, as well as the temperature in
the thermobox, were adjusted to 20 °C.

3.1. Emission spectrum of the discharge

Photocatalytic activity of the photocatalyst is triggered if it is irra-
diated by electromagnetic radiation of wavelengths corresponding to its
forbidden energy gap. The forbidden energy gaps of investigated cata-
lysts TiO,, ZnO, BaTiO3 and WOj3 vary, according to the Introduction
section, in the range of wavelengths from 353 to 476 nm.

1500 L . L . L
Zn0O
) 376 nm
BaTiO,
353 nm
375 nm
1000 L
374 nm W03 476 nm
T
2 TiO, TiO,
c :
5 Anatase Brookite
8 500 387 nm 414 nm
0 -
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Fig. 3. The surface dielectric barrier discharge spectrum in the air for the

effective voltage of 2800 V for the wavelengths of 330 to 480 nm.
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In Fig. 3, we show for the discharge voltage of 2800 V the emission
spectrum of the discharge from the air for the wavelengths of 330 to 480
nm, together with the wavelengths of the radiation corresponding to the
forbidden energy gaps of different photocatalysts. The strong emission
at a wavelength of 337.1 nm originates from the second positive system
of nitrogen (Csll, — Ballg). Weaker radiation of a wavelength of 391.4
nm is due to the first negative system (BoX{ — X X3) of N3.

When the UV light of suitable wavelengths illuminates the photo-
catalyst, it becomes activated. The electron and positive hole can then
react with the molecules in the vicinity of the catalyst. An example of the
reaction of an electron with an oxygen molecule is the formation of the
superoxide anion O3:

e +02—>027 (l)

In addition to superoxide anions, other active oxygen species, such as
O, 037, 037, [20], etc., could also be produced. These active oxygen
species then enter plasma-chemical reactions leading to ozone genera-
tion and destruction. The resulting concentration of ozone then repre-
sents the dynamic balance of these two types of reactions.

Based on the discharge spectrum and the forbidden energy gap
width, different photocatalytic materials can be chosen to enhance
discharge ozone production.

3.2. Electrical measurements

The electrical parameters of the discharge play a key role in the
evaluation of the discharge ozone production efficiency. Besides, the
knowledge of various catalysts' effects on these parameters can help
better understand the ozone generation process.

3.2.1. Discharge power evaluation

The discharge power is a key quantity used in the study of discharge
ozone production. In general, the average value of the discharge power
can be expressed as:

1 T

P =7 [ Vi @
The numerical calculation involves discharge current and voltage

multiplication. The result is obtained by trapz function providing trap-

ezoidal numerical integration and dividing by period. The procedure is

described in the following pseudocode:

_trapz(time interval, discharge current e discharge voltage)

Py 3

period

Therefore, it is necessary to determine the discharge voltage Vj(t) and
current I(t) to evaluate discharge power. The discharge voltage is usu-
ally measured using a high-voltage probe, and the discharge current is
determined differently. The most frequently used is a current monitor or
a measuring capacitor.

The current monitor is an electrical transducer used for measuring ac
currents. In our experiments, we used the Pearson current monitor PCM,
see Fig. 2. The main advantage of this method is the galvanic separation
between the electric signal from the current monitor and the discharge
electrical circuit, which increases the safety of measurements. On the
other hand, the drawback of this method is the limited bandwidth of the
current monitor and a small phase shift between discharge voltage and
current signals.

The second method of the discharge current evaluation is based on
the measurement of the voltage drop V;,(t) on the measuring capacitor
Cp- The discharge power is calculated from the following equation:

Pt 7{ V,-(t).%dl —fCy ?{ V,()dV, @

The voltage drop across this capacitor is proportional to the trans-
ferred charge. The area of a closed loop of the applied voltage versus
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charge, the so-called Lissajous figure, represents the energy transferred
in one period [21,22]. The capacitance of the measuring capacitor must
be chosen to be significantly larger than the capacitance of the electrode
system, usually by a factor of 1000 [23]. In our experiments, this
capacitance was 101.8 nF, and the capacitance of the electrode system
was 169.8 pF. This method requires the same safety features as the first
one but needs more complex data processing to compute power. Both
the discharge voltage and the voltage drop on the measuring capacitor
must be smoothened. Otherwise, any noise that causes overlays of the
Lissajous figures distorts the calculated average power. The area of the
figure is calculated by the polyarea function multiplied by the capaci-
tance of the measuring capacitor C, and frequency f. The integer
number of measured periods is denoted as N. The procedure can be
described as the following pseudocode:

P,, =f e C, e polyarea (smooth(V/-) , smooth(V,,) )/N 5)

Our experiments were performed for six values of the effective
voltages calculated from the discharge voltages. For the lowest value of
this effective voltage was chosen 2380 V. For this voltage, the discharge
covered all area of the active electrode. The electrical parameters of the
active electrode material gave the highest value of this voltage of 2800
V. This voltage span was divided into six equal intervals.

Fig. 4 shows average power calculated from the Pearson current
monitor (PCM) or the voltage drop on the measuring capacitor (CVP) for
the discharge with the TiOy (full symbols) or the discharge without a
photocatalyst (empty symbols). An evaluated error of power measure-
ment is 7%.

From Fig. 4, we can see that for each measuring interval within the
full range of investigated effective voltage values, the power evaluated
from the voltage drop on the measuring capacitor is slightly higher than
the power calculated from the Pearson current monitor. These results
are the same for the discharge without the photocatalyst and the
discharge with TiO,. Besides, all four dependencies follow the same
trend. The discharges with ZnO and BaTiO3 photocatalysts show similar
effects. The dependence of ozone concentration versus voltage for the
discharge with WO3 shows the same trend as for the discharge without
the catalyst.

To compare these two methods of power evaluation, in Fig. 5 is
shown the ratio of the average discharge power for all measuring in-
tervals calculated from the data obtained from the Pearson current
monitor and data from the voltage drop on the measuring capacitor.
Similarly, as in the preceding case, the results for the discharge without
the photocatalyst and with TiO, are shown.

20 L 1 L 1 L 1 L 1 L 1
e TiO,-CVP
O Without catalyst - CVP

6th Int.

Average power [W]
=
1

T int. = TiO,-PCM

10 o Without catalyst - PCM -
8 T T T T T
2300 2400 2500 2600 2700 2800 2900

Effective voltage [V]

Fig. 4. Average power calculated from the Pearson current monitor (PCM) or
the measuring capacitor (CVP) for the discharge with TiO, or the discharge
without a photocatalyst.



J. Mikes et al.

1’00 1 1 1 1 1
?
9]
8
a 0,95 o
5 A
o 15tInt. ond
= 270Nt g g,
x
A Without catalyst
A TiO,
0,90 T T T T T
2300 2400 2500 2600 2700 2800 2900

Effective voltage [V]

Fig. 5. The power ratio calculated from the Pearson current monitor and the
measuring capacitor for the discharge with TiO, and without the photocatalyst.

This figure shows that the ratio of powers calculated by these two
methods is practically the same for the discharge without and with the
photocatalyst. Based on these results and the fact that the usage of the
voltage drop on the measuring capacitor (Lissajous figures) is the
approach that does not require high bandwidth probes and oscilloscopes
[23], we used for evaluation of the discharge ozone production effi-
ciency average discharge power calculated from the Lissajous figures.

3.2.2. Effect of photocatalysts on electrical parameters of the discharge

To eliminate the possible role of the photocatalysts position on the
discharge parameters, we performed our experiments with their fixed
position. All catalysts were deposited on the inner part of the glass
window and exposed to the active electrode.

The ozone generation by the electrical discharges is, among other
factors, determined by their electrical parameters. These parameters
include discharge voltage, current, and discharge power. The discharge
voltage, determined by the power source, is assumed not to change. On
the contrary, the discharge current is affected by the type of discharge.
The surface dielectric barrier discharge involves displacement current
and a current due to a series of peaks reflecting the existence of
microdischarges. To have a deeper insight into the role of photocatalysts
on the discharge's electrical parameters, we give in Fig. 6 an illustrative
example of voltage and current waveforms for the discharge without and
with different photocatalysts for the 4th measuring interval.

From Fig. 6, it is seen that the discharge current consists of the above-
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Fig. 6. Current and voltage waveforms for the discharge without and with
different photocatalysts.
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mentioned displacement current and a series of current peaks. These
peaks have different amplitudes and are randomly distributed for the
discharge without the photocatalyst and with photocatalysts. Most of
the authors working with the photocatalysts and their role in the gen-
eration of discharge products focus on studying these current peaks.
Thus, in [24], the TiO, photocatalyst was deposited on the side of the
dielectric barrier, which was opened to the high-voltage electrode. It
was shown that the amplitudes, density, or distribution function of
current peaks might be affected by the presence of the TiO,
photocatalyst.

Since our attention was also focused on the time stability of inves-
tigated catalysts and the duration of these experiments was 12 h, we
used the average effective current in our analysis of results. This current
was calculated in the following way. In each measuring interval, we
performed 12 measurements, and we determined the effective value of
current for each of these measurements. For each of these intervals, we,
therefore, had 12 values of effective current. From these 12 values of
effective current, we determined the average effective current, shown in
the vertical axis of Fig. 7. Evaluated current measurement error is 1%.

From Fig. 7 can be seen that the presence of the photocatalysts for a
particular voltage does not substantially affect the discharge current.

Finally, the discharge power is given by the discharge voltage and
current product. For a capacitive load, it also depends on the phase shift
between applied voltage and current. Based on the analysis of the
discharge voltage and current waveforms, we calculated the phase shift
for the discharge without and with different photocatalysts. The
dependence of the phase shift versus the effective value of the discharge
voltage for different photocatalysts is shown in Fig. 8.

From Fig. 8 can be concluded that the effect of catalysts on the phase
shift between voltage and current waveforms can be grouped into two
families; the first one involves the discharge with TiO5, BaTiO3, and ZnO
photocatalysts. The second group is for the discharge without the pho-
tocatalyst and with WOs3. For each of these groups, the effect of photo-
catalysts is the same, but for the discharge without the photocatalyst and
the discharge with WO3, the phase shift is higher than for the discharge
with TiO,, BaTiO3, and ZnO photocatalysts.

Thus, we can say that for our experimental conditions, for the con-
stant discharge voltage, the photocatalysts have no substantial effect on
the effective value of the discharge current, but the presence of TiOq,
ZnO, and BaTiOs slightly increases discharge power and also decreases
the phase shift between voltage and current.

Besides, the agreement between the results presented in Fig. 8 and
the results dealing with ozone concentrations shown in Fig. 9 and Fig. 10
suggests that the phase shift between the applied voltage and current
waveforms could also be added to the quantities influencing discharge
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Fig. 7. Effective current versus voltage for the discharge without and with
photocatalysts.
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ozone production in the presence of photocatalysts.

In this situation, a certain role can be played by the change in the
contribution of the charge transferred by the plasma filaments when
different photocatalysts are used. This contribution is affected by the
charged species generated by the surface reactions, which are associated
with the internal structure of photocatalysts (e.g., the width of the
forbidden energy gap). We can therefore assume that their impact on
discharge ozone production can be attributed mainly to photocatalysis.

3.3. Time stability and catalytic effects of photocatalysts on discharge
ozone production

We investigated the effect of the TiO, ZnO, BaTiOs, and WOs3 pho-
tocatalysts on the concentration of ozone produced by the discharge,
together with the time stability of this process. To be sure that the
discharge parameters, as well as the concentration of generated ozone,
are stable, we conducted two series of experiments lasting 12 h. The
methodology of measurements was in both series the same. Thus, for the
first measuring interval, we adjusted the discharge voltage to 2380 V;
the data were collected for 3600 s, then the discharge was switched off,
and after 300 s, we increased the voltage for the second interval. The
first series, therefore, lasted six hours, that is 21,600 s. The corre-
sponding values of the average discharge power for different voltages
(that is, for individual measuring intervals) were shown in Fig. 4.

The ozone concentrations generated by the discharge without and
with the photocatalysts presented in Fig. 9 and Fig. 10 are the results
obtained in the second series of experiments in the time interval from
21,600 to 45,500 s (6 to 12 h). The time dependences of ozone con-
centrations for the first, second, and third measuring intervals are shown
in Fig. 9. The error of ozone concentration, shown in these two figures,
was determined from the technical specification of ozone monitor BMT-
964 as the sum of 0.4% of measurement plus 0.1% of scale.

The time dependences of ozone concentrations for the fourth, fifth
and sixth measuring intervals are shown in Fig. 10.

From Fig. 9 and Fig. 10 can be taken following conclusions.
Considering the effect of investigated photocatalysts on ozone genera-
tion of the discharge, the catalysts can be divided into two groups. First,
the TiO, ZnO, and BaTiOg catalysts increase in each measuring interval
concentration of ozone generated by the discharge. There are only small
differences in these concentrations for these three catalysts. On the other
hand, the presence of WOj3 in the discharge does not affect the con-
centration of generated ozone compared with the discharge without the
catalysts. Approximately the same increase of ozone concentration
produced in the discharge, which was observed in the presence of TiO3
and ZnO catalysts, agrees with our earlier results [8].

For all measuring intervals, concentrations of ozone generated by the
discharge with and without the photocatalysts show good time stability.

Figs. 9 and 10 show that in contrast to TiO3, ZnO, and BaTiOs, the
presence of WOj3 does not increase the concentration of ozone generated
by the discharge. This result can be explained on the base of the
following considerations. The WO3 behaves as a typical n-type semi-
conductor, with a bandgap of 2.6 eV (highly crystalline) to 3.3 eV
(amorphous). These bandgaps correspond to the electromagnetic radi-
ation of wavelengths 476 and 374 nm, respectively. In our case, the layer
of WO3 is formed by highly crystalline nanoparticles of dimensions
100-200 nm. Consequently, the forbidden bandgap corresponds to the
radiation wavelength of 476 nm. Considering the spectrum emitted by
the discharge, see Fig. 3, it is seen that the intensity of radiation of this
wavelength is negligibly small in comparison with the radiation emitted
at shorter wavelengths. It can be consequently concluded that ozone
generation processes will not be enhanced by the presence of the WO3
layer.

Fig. 11 shows the dependence of average ozone concentration on the
average discharge power for each measuring interval. These values of
ozone concentrations were determined from the results presented in
Fig. 9 for the first three measuring intervals and from Fig. 10 for the
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Fig. 11. Ozone concentration versus average discharge power.

fourth, fifth, and sixth intervals. Each of these average ozone concen-
trations for each measuring interval was calculated from 12 measure-
ments, similar to the average discharge current.

From this figure, besides the conclusions dealing with the effect of
catalysts on ozone concentrations shown in Figs. 9 and 10, there appear
other interesting effects. Considering that for each measuring interval
for the discharge without and with various catalysts was adjusted the
same discharge voltage, it is seen that the presence of TiO3, ZnO, and
BaTiOg slightly increases discharge power. This is not true for the
discharge with WO3. Apart from it, for higher discharge powers (e.g.,
5th and 6th intervals), the difference in ozone concentrations for the
discharge with TiO,, ZnO, and BaTiO3 decreases.

Besides this effect, Fig. 11 shows that the ozone concentration can be
grouped into two families, similar to the case of the phase shift presented
in Fig. 8. The first one involves the discharge with TiO,, BaTiOs, and
ZnO photocatalysts, and the second one is for the discharge without the
photocatalyst and with WOs.

The efficiency of the ozone generation process is evaluated based on
ozone production yield a, which is defined as a mass of ozone produced
by 1 kWh of energy:

o 21.44 o (Ozone concentration) e Airflow e 6 @ 1073

- gAwh ©)

In this expression concentration of ozone produced by the discharge
is substituted in ppm, airflow in slm, and average discharge power in W.
For our experimental conditions, « is calculated from the following
expression:

0.5150 04
a=——"

P [g/kWh] 7)

The numerical constant 0.515 involves the density of ozone as well as
all conversion factors of the airflow rate, power, and energy.

The dependences of ozone production yield as a function of the
average discharge power for the discharge without the catalyst and the
discharge with TiO,, ZnO, BaTiO3, or WOs catalysts are shown in
Fig. 12. The ozone production yield error was estimated as 9%.

From this figure, we can take the following conclusions. Within the
investigated power range, the highest ozone production yield is ob-
tained for the discharge with the TiO, photocatalyst. The lowest ozone
production yield is attained for the discharge without any photocatalyst.
For the highest discharge power, there is only a small difference in ozone
production yield for the discharge with TiO9, BaTiOs, or ZnO. For these
power values, the WO3 has no substantial effect on the ozone production
yield.

Important quantities for practical applications of generated ozone
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Fig. 12. Ozone production yield as a function of the average discharge power
for the discharge without and with the catalysts.

are its concentration and production yield. The optimum situation in-
volves the highest production yield and simultaneously the highest
concentration of generated ozone. However, in certain respects, these
two quantities are represented by conflicting requirements.

The role of individual photocatalysts on the concentration of ozone
produced by the discharge simultaneously with the production yield is
demonstrated in Fig. 13. Thus, for example, for a certain yield of 54 g/
kWh for the discharge without any catalyst, an ozone concentration of
1050 ppm can be obtained. For the same production yield and the
discharge with TiO5 can be obtained ozone concentration of 1373 ppm,
representing an increase of 30%. Similarly, for ozone concentration, e.
g., 1700 ppm for the discharge without the catalyst or discharge with
WO3 can be attained production yield 48.6 g/kWh and for the discharge
with TiO9, BaTiO3 or ZnO almost 50 g/kWh.

Based on the results from Figs. 11, 12, and 13 can be attempted to
answer a question dealing with the proper choice of the photocatalyst
for the enhancement of ozone generation for a particular application. It
is seen that simultaneously having high ozone concentration and pro-
duction yield is impossible. Thus, to have the highest ozone concentra-
tions (see Fig. 11; 5™ and 6™ intervals), there is no difference in using
TiO9, BaTiOs, or ZnO. However, these highest ozone concentrations are
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Fig. 13. Ozone production yield as a function of ozone concentration for the
discharge without and with the catalysts.
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obtained for the higher discharge powers. The discharge power is
involved in the ozone production yield. From Fig. 12, it is seen that for
smaller discharge powers, ozone production yield depends on the type of
the catalyst, and the best results are obtained for the discharge with
TiOs. It is also seen that even WOj3 increases ozone production yield for
the smallest powers.

Finally, the detailed insight into the role of individual photocatalysts
on ozone production yield simultaneously with ozone concentration
gives Fig. 13. It can be concluded that for smaller ozone concentrations,
each of investigated photocatalysts affects in different ways ozone pro-
duction yield. For the highest ozone concentrations, these differences
decrease.

The final decision on which catalysts to use for a particular appli-
cation represents a balance between the physics of the discharge, the
mechanism of photocatalysis, and the economy of choice.

4. Conclusions

We investigated the effect of TiO,, ZnO, BaTiO3, and WO3 photo-
catalysts on the concentration of ozone generated by the surface
dielectric barrier discharge in air and the time stability of its generation
process. The catalysts were deposited from the liquid phase by inkjet
material printing and situated on the glass window opposite the active
electrode. We also studied these catalysts' effect on the discharge's
electrical parameters and on the phase shift between the applied voltage
and current waveforms. To have reasonable values of the ozone pro-
duction yield, we measured the discharge power by two methods. The
first used the Pearson current monitor, and the second used the
measuring capacitor.

Our findings can be summarized as follows:

The layers of catalysts show no substantial effects on the electrical
parameters of the discharge.

The layers of TiOs, ZnO, and BaTiOs catalysts for particular
discharge power increase the ozone concentration generated by the
discharge. There are only small differences in the effect of these catalysts
on ozone concentration.

For particular discharge power, the layer of WO3 in the discharge
does not affect the concentration of generated ozone.

For the time interval lasting 12 h, the concentration of ozone
generated by the discharge with individual catalysts and the discharge
without the catalyst show good time stability.

For the highest discharge power, there is only a small difference in
ozone production yield for the discharge with TiO9, BaTiOs, or ZnO. For
these values of power, particularly WO3 has no substantial effect on the
ozone production yield.

It can be therefore concluded that investigated photocatalysts from
the standpoint of their effects on ozone generation of the discharge can
be divided into two groups. First, the TiO,, ZnO, and BaTiOg3 catalysts
increase the concentration of ozone generated by the discharge. Sec-
ondly, the presence of WO3 in the discharge has no substantial effect on
the concentration of generated ozone.

The obtained results could contribute to a deeper understanding of
discharge-catalyst interaction. Still, they can also have a direct appli-
cation impact, for example, in plasma medicine for wound decontami-
nation and fast healing, sterilization, inactivation of bacteria and
viruses, and food and vegetable storage.
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Abstract For surface dielectric barrier discharge in air, we examined the effect of titanium
dioxide on various regions of the active electrode on the electrical parameters of discharge,
on its emission spectra, and for demonstration of the obtained results also on the con-
centration of ozone produced by the discharge. We used the active electrode in the form of
nine interconnected parallel strips and a square counter electrode. The TiO, layer covered
either only the strips, the region between the strips, or all active electrode. As reference
discharge we used the discharge without any layer of TiO,. We found that direct appli-
cation potential has a version when the strips of the active electrode are covered with a
layer of TiO,, because the concentration of ozone produced by the discharge is the highest
in all investigated cases. This finding could therefore be used for construction of more
efficient ozone generators.

Keywords Surface dielectric barrier discharge - Photocatalysis - Titanium dioxide - Ozone

Introduction

Plasma catalysis holds great promise for a wide range of environmental applications of
corona or dielectric barrier discharge at atmospheric pressure. These applications involve
e.g. cleaning water, volatile organic compounds decomposition, increasing storage time of
food and vegetables, surface treatment, medical applications, production of ozone etc.
Plasmachemical processes occurring in non-equilibrium plasma of this discharge are
responsible for the generation of various active species, as well as electromagnetic radi-
ation of various wavelengths. These discharge products affect the efficiency of the
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aforementioned applications, and the process viability should be maximised in terms of
energy efficiency and product selectivity.

In order to optimise the processes’ viability, different factors could be varied. These
factors include e.g. the nature of the gas, asymmetry in the geometry of the active and
grounded electrode, applied voltage and frequency or presence of conductive coating on
the dielectric walls of the reactor. One of the most promising techniques is however the
usage of various catalysts or photocatalysts in the discharge [1-5].

Heterogeneous catalysts can be combined with non-thermal plasma produced by elec-
trical discharge in two ways: by introducing the catalyst in the discharge zone [6—10], or by
placing the catalyst after the discharge zone [11, 12]. In both cases, the catalyst material
can be in the form of coating, powder, granulates, coated fibers or pellets. In these cases the
catalyst is placed in the discharge chamber usually on the walls of the chamber or in the
inter-electrode space but the active electrode is catalyst free.

In contrast with these studies, as well as with our previous results published in
[5, 9, 10, 13] we present the results of a systematic experimental study of the effect of a
TiO, photocatalyst layer on different regions of the active electrode of surface dielectric
barrier discharge (SDBD) in air. We used the active electrode in the form of nine inter-
connected parallel strips and a square counter electrode. The TiO, layer covered either
only the strips, the region between the strips, or all active electrode. As long as the
discharge develops along the surface of the active electrode we substantially affected
discharge properties. We studied the effect of this TiO, layer in these different regions of
the active electrode on electrical parameters of the discharge, on its emission spectra and
also on discharge ozone production. We chose discharge ozone production because it has a
large application potential, and therefore has been the subject of extensive research
[14-19].

Experimental Setup and TiO, Photocatalyst

Experimental Setup

The experimental arrangement, shown in Fig. 1, consists of a discharge chamber, electrical
and optical diagnostics, an air feeding system, and an ozone monitor.

Og\ﬁH i Optical
= blnky Strip Spectr. fiber
electrode

Lens M?irgture MFC
e T )

o

PCM \
T m HVP Square \
electrode

L. —> Exhaust Water cooler
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?
L

Fig. 1 Experimental arrangement
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The discharge chamber was created by the polymethyl methacrylate Plexiglas box of
inner dimensions 38 x 38 x 4.8 mm, which was placed on an alumina plate of dimen-
sions 50 x 50 x 0.635 mm. On the side of the alumina plate covered by the plexiglass
box, the active electrode of the SDBD was screen printed. This electrode consisted of nine
interconnected strips. The width of each strip was 1 mm, its length was 36 mm and the gap
between the strips was 3 mm. The area of the active electrode was 324 mm?. On the other
side of the alumina plate, the square electrode of dimensions 36 x 36 mm was screen
printed. The area of this grounded electrode was 1296 mm?. The layout of electrodes,
which was also used in our previous paper [13], is shown in Fig. 2.

In order to remove the heat generated by the discharge and to stabilise the temperature,
the square counter electrode was placed on a copper water-cooled plate. To better see the
discharge, in the upper side of the discharge chamber we placed a lens.

We used a white coloured alumina plate with a content of Al,O3 of 96 %, mass density
of 3.7 g/cm3, roughness 0.25-0.7 pum, a dielectric constant for 1 MHz of 9.6, electric
strength of 14 kV/mm and the heat conductivity for temperature of 25 °C of 24 W/m.K.

The electrode system was produced by screen printing using the DuPont nickel-based
paste 9538. The sheet resistivity of the layer made from this paste is 30-60 m{d/sq at
25 pm thickness.

The air into the discharge chamber was supplied from a compressor through a water and
oil separator (WOS), mass flow controller (MFC) and through a moisture trap. The input/
output of air into/out of the discharge chamber was through three tubes, so that the flow of
air was parallel to the strips. The square grounded electrode was placed on the water
cooler.

To investigate the effect of TiO, on various regions of the active electrode, we made
four identical discharge chambers, which differed only by presence (or lack thereof) of
TiO, on various regions of the active electrode.

The experiments were performed with a sinusoidal driving voltage of 10.9 kHz and a
peak-to-peak voltage of up to 9 kV. On the first channel of an ADS 1102CM digital storage
oscilloscope (150 MHz) we sampled and recorded the discharge voltage through the high-
voltage probe (HVP-28HF, Pintek; division ratio: 1000/1; frequency: up to 200 MHz). To
determine the discharge current, we used a signal obtained from a Pearson current monitor
(PCM, model 2877) with a bandwith of up to 200 MHz. Average discharge power was
calculated on the basis of the following equation:

Fig. 2 Layout of electrodes.
Upper side of the alumina plate—
active strip electrode; lower side
of this plate—grounded square
electrode (grey region)
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Pu=1 / V(OI()d,

where T is the period, and V(¢) and I(¢) are voltage and current signals respectively.

The ozone concentration was measured by absorption of the 254 nm UV spectral line
using an API 450 ozone monitor.

The discharge emission spectra in the range of 249-697 nm were recorded using a
HR2000+ High-Speed Miniature Fiber Optic Spectrometer. The spectral resolution of the
spectrometer was 0.5 nm. The spectra were collected by an optical fiber directly through
the opening in the upper side of the discharge chamber, perpendicular to the strip electrode.

A photograph of the discharge without any layer of TiO, on the active electrode for
discharge voltage 3.2 kV and airflow through the discharge chamber 1.8 slm is shown in
Fig. 3.

Preparation of the Photocatalyst and Geometry of the Active Electrode
Regions with TiO,

The layout of electrodes on the dielectric plate is shown in Fig. 2. To investigate the effect
of TiO, on various regions of the active strip electrode on properties of the discharge, the
TiO, layer covered either only the strips, the region between the strips, or all active
electrode. In Fig. 4 are shown regions on the side of the dielectric plate carrying the active
electrode covered by the TiO, photocatalyst.

Preparation of Silica Binder

The hybrid organosilica binding agent was prepared through the sol-gel process according
to the procedure described in [20]. Methyltriethoxysilane (MTEOS, supplied by ABCR)
was used as the silica precursor and was subjected to acid-catalysed hydrolysis and con-
densation. During the reaction, the methyl groups are much more resistant to hydrolytic
scission than the oxyethyl ones, so the structure of the resulting product can be described as
methyl-substituted amorphous silica. The residual methyl groups ensure solubility in polar
anhydrous solvent, so a stock solution of 20 wt% in anhydrous ethanol was prepared and
used for the mixing of the printing ink.

Fig. 3 Photograph of the
discharge in air without any layer
of TiO, on the active electrode.
Discharge voltage 3.2 kV and
airflow through the discharge
chamber 1.8 slm
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(@) (b)
I

Fig. 4 Regions covered by TiO, on the side of the dielectric plate carrying the active strip electrode. a TiO,
on the strips; b TiO, between the strips; ¢ TiO, on all areas

Preparation of the Ink

A stock dispersion of titanium dioxide (Evonik P-25) in Dowanol PM (1-Methoxy-2-
propanol), having the same dry mass content as the silica binder solution (i.e., 20 wt%),
was mixed. The printing formulation was then prepared by mixing 2 mL of the silica
binder solution, 6 mL of the titania dispersion and 6 mL of a viscosity-controlling solvent
(butanol) in a 20 mL glass vial. Thus the dry mass content was set to 0.114 g/mL and the
titania/silica ratio was 3:1. Approximately 3 g of 1 mm diameter glass balls were added to
the vial, and it was shaken for 1 day on an oscillating plate shaker set to 900 rpm. After the
ball-milling phase was finished, the ink was further diluted by 6 mL of n-hexanol, and the
printing ink was obtained.

Printing

The TiO, layers on the side of the dielectric plate carrying the active electrode were
created with an experimental inkjet printer Fujifilm Dimatix 2831. The printer features a
disposable 16-nozzle piezoelectric jetting printhead coupled with a 2 mL polyethylene ink
tank. It is capable of printing on A4 size substrates with a resolution of up to 5080 dpi, i.e.
5 pm. Both substrate and printhead can be heated in order to speed up solvent evaporation
and reduce ink viscosity, respectively. A stroboscopic camera provides still images or
slowed-down video for observation of drop formation process, while another fiducial
camera is used for precise substrate positioning and aligning of subsequent print layers.
The printer has been successfully employed for the deposition of a wide variety of func-
tional and auxiliary layers, and during the past few years has become the de facto industrial
standard tool for ink development and testing.

Generally, the following procedure was repeated for each tested formulation: the pre-
pared ink was loaded into a syringe and a blunt needle was attached to the syringe lure
ports. The ink was filled into the Dimatix ink tank and the Dimatix 10 pL printing head was
attached to the tank; the set was mounted into the Dimatix printer. The drop formation
characteristics of all formulations were checked by means of the built-in stroboscopic
camera, and the interaction of the printed material with the substrate was observed by an
optical microscope. The following printer settings were used: Dimatix Model fluid 2
waveform, 18 V driving voltage, nozzle temperature 30 °C, substrate temperature 40 °C.
The nozzle span was set to 40 pum (i.e. 25 drops per mm, 625 drops per mm?). Printing was
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performed twice to ensure complete coverage of the substrate and to reduce layer porosity.
Complete drying took place after printing each layer, so that the following layer was
printed in the “wet-to-dry” manner. The deposition process was finalised by curing. The
printed samples were annealed at 450 °C in air (heating ramp of 3 °C/min and 30 min
sustained at the target temperature).

Experimental Results

Our experiments were performed with a sinusoidal driving voltage of frequency 10.9 kHz.
The airflow through the discharge chamber was adjusted to 1.8 slm. The experiments were

performed in a range of temperatures of air at the output from the discharge chamber of
23 £ 2 °C.

Effect of TiO, on Various Regions of the Active Electrode on Electrical
Characteristics of the Discharge

In order to compare the effect of TiO, on various regions of the active electrode on
electrical parameters of the discharge, we recorded voltage-current waveforms for: the
discharge with active electrode without TiO,, the discharge with active electrode with a
layer of TiO, on the strips, the active electrode with a layer of TiO, between the strips and
finally for the active electrode with a layer of TiO, on all areas. Covering different regions
of the active electrode with a layer of TiO, changes capacitance of the electrode system.
Thus the capacitance of the system changes from 99.6 pF for the system without any TiO,
on the active electrode to 102.6 pF for case when there was a layer of TiO, on the strips, to
109.6 pF when a layer of TiO, was on all area and finally to 115.6 pF when there was a
layer of TiO, between strips.

For illustrative purposes, Fig. 5 shows voltage-current waveforms for the discharge
without TiO, on active electrode for the discharge voltage 3.2 kV. From this figure, the
asymmetry in current waveforms for positive and negative half-periods of the driving
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Fig. 5 Voltage current waveforms for the discharge without any TiO, on active electrode. Discharge
voltage 3.2 kV
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voltage can be seen. This asymmetry, which is associated with different microdischarge
activities, is an inherent property of surface dielectric barrier discharge caused by asym-
metry in the geometry of active and grounded electrodes [21].

We also found that the presence of TiO, on various regions on the side of dielectric
plate carrying the active electrode neither influences the shape of voltage waveform nor the
phase shift between voltage and current waveforms.

In order to make the comparison of the effect of TiO, on various regions of this
electrode on electrical parameters of the discharge more illustrative, in Fig. 6 we therefore
show only current signals for the same discharge voltage of 3.2 kV. Thus Fig. 6a shows the
current signal for the discharge with active electrode without TiO,; Fig. 6b shows the
current signal for the discharge with active electrode with a layer of TiO, on the strips
only; Fig. 6c¢ is for the active electrode with a layer of TiO, between the strips; and finally
Fig. 6d shows the current signal for the discharge with a layer of TiO, on all areas of the
active electrode.

From Fig. 6, it is clear that covering various regions of the active electrode with a layer
of TiO, electrical parameters of the discharge differently. As long as the discharge current
for different cases shows multiple current peaks we take as the main criterion for the
comparison of the effect of TiO, on various regions of the active electrode on the discharge
the average discharge current. From Fig. 6 it is seen that average current for discharge
without any TiO, was ~2.0 mA, while for the case when TiO, was on the strips, the
average discharge current was ~2.2 mA. For the case when TiO, was between the strips

(a) without any TiO2, Iy = 2.0 mA (b) TiO2 on strips; I3y =2.2 mA
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Fig. 6 Discharge current waveforms. a active electrode without TiO,; b active electrode with a layer of
TiO, on the strips; ¢ active electrode with a layer of TiO, between the strips; d layer of TiO, on all areas of
the active electrode. Discharge voltage 3.2 kV
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the average discharge current was ~2.4 mA and when TiO, was on all areas of the active
electrode, the average discharge current was ~2.3 mA. This comparison was made for the
discharge voltage of 3.2 kV.

Similar effects of various materials in the discharge chamber on the electrical param-
eters of the discharge are also described in [22, 23]. Thus in [22] it is shown that for DBD
with a sinusoidal driving voltage, large current amplitude peaks depend on the presence of
photocatalytic porous materials containing TiO,. The fact that the electrical characteristics
of the dielectric barrier discharge depend on the surface conductivity of the reactor walls is
also demonstrated in [23].

Effect of TiO, on Various Regions of the Active Electrode on Discharge
Emission

An illustrative example of the discharge spectra for the discharge with a layer of TiO, on
the strips, layer of TiO, between strips, layer of TiO, on all areas of the active electrode,
and finally for discharge without any TiO, on the active electrode is shown in Fig. 7. In all
cases the discharge voltage is 3.2 kV.

From Fig. 7, it can be concluded that for all four situations, the emission spectra contain
the same spectral lines, however with varying intensities. These observed spectral lines
could be attributed to the second positive system of N, [C°TT, — B3Hg]. For this system
the most intense peak is observed at the wavelength of 336.7 nm. The numerical values of
intensities, shown in Fig. 7, are given in arbitrary units and these values are valid only for
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Fig. 7 Emission spectra of the discharge with various regions of the active electrode covered by TiO,.
a active electrode with a layer of TiO, on the strips only; b active electrode with a layer of TiO, between the
strips; ¢ layer of TiO, on all areas of the active electrode; d active electrode without any TiO,. Discharge
voltage 3.2 kV
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spectral line of 336.7 nm. From this figure it is seen, that the highest intensity is obtained
for discharge with a layer of TiO, on the strip electrode (1988 a.u.); the second highest
intensity is for discharge without any TiO, on the active electrode (1249 a.u.); then
discharge with a layer of TiO, between strip electrodes (1013 a.u.); and the smallest
intensity is obtained for the discharge with a layer of TiO, on all areas of the active
electrode (807 a.u.).

This smallest intensity of UV radiation for the discharge with a layer of TiO, on all
areas could be explained by absorption of this UV emission. This finding corresponds with
the result presented in [24]. In this paper were observed the UV-Vis emission spectra from
the outside of envelope tube containing surface discharge plasma. When the envelope with
TiO, coating was used, the UV light was not detected. This indicates that UV light from
plasma was absorbed by TiO,.

Effect of TiO, on Various Regions of the Active Electrode on Discharge Ozone
Production

Ozone is formed by plasmachemical processes occurring in the discharge volume. There
could be a contribution to ozone production due to the photocatalytic process caused by the
presence of TiO, on various regions of the active electrode. As an illustrative example of
the effect of TiO, on various regions of the active electrode, we show in Fig. 8 the
dependence of concentration of ozone produced by the discharge versus discharge power
for the four aforementioned cases.

From Fig. 8 it can be seen that the concentration of ozone produced by the discharge is
affected by placement of TiO, on various areas of the active electrode differently. Thus for
a particular average discharge power, the highest concentration of produced ozone is
obtained for the case when the layer of TiO, is on the strip electrode. It is also seen that the
trend of the dependence of ozone concentration versus average discharge power for this
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Fig. 8 Ozone concentration versus average discharge power. a Active electrode without TiO,; b active
electrode with a layer of TiO, on the strips only; ¢ active electrode with a layer of TiO, between the strips;
d layer of TiO, on all areas of the active electrode
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case is similar to the trend of the dependence of ozone concentration versus average
discharge power for the case without any TiO, on the active electrode.

The situation is different for the case when the layer of TiO, is on regions between the
strips and on all areas of the active electrode. In both cases, the ozone concentration for
average powers exceeding ~ 3 W is decreased compared to the discharge when there is
no TiO, on the active electrode. The smallest ozone concentration for any particular power
is produced when the layer TiO, is on all areas of the active electrode. From Fig. 8 is can
also be seen that the trend of the curve showing the dependence of ozone concentration on
discharge power is similar when TiO; is in the region between the strips and when TiO; is
on all areas of the active electrode.

Discussion

The effect of TiO, on various regions of the active electrode on electric parameters of the
discharge, discharge emission and discharge ozone production, involves variety of factors
such as differences in material properties of alumina, nickel conductor paste and TiO,
(dielectric constant and resistivity), consequent changes of electric field distribution,
interaction of the microdischarges with the surface through the surface charge, emission of
electrons, or even the difference in areas covered by TiO,.

The first quantities, which determine the discharge functioning, are therefore material
properties of alumina, TiO, and the conducting electrode. The dielectric alumina plate has
a content of Al,O; of 96 %, mass density of 3.7 g/cm’, roughness 0.25-0.7 um, a
dielectric constant for 1 MHz of 9.6, electric strength of 14 kV/mm and a heat conductivity
for temperature of 25 °C of 24 W/m.K.

The electrode system was screen printed on this alumina plate using nickel conductor
paste DuPont 9538. The sheet resistivity of the layer made from this paste is 30-60 m€)/sq
at 25 pm thickness.

The TiO, photocatalyst in the anatase phase is an n-type semiconductor with a for-
bidden energy gap of 3.2 eV and dielectric permittivity €. = 85—-110 (depending on the
manufacturer). This high dielectric permittivity enhances the electrical energy transferred
to the gas phase. TiO, exhibits photocatalytic properties when it is activated by UV
radiation. The series of its energy levels is associated with covalent bonds among atoms
composing valence band and a second series of spatially diffuse higher energy levels,
which are associated with the conduction band. Both series are separated by a forbidden
energy gap of 3.2 eV. The electron of the valence band becomes excited when illuminated
by UV radiation of wavelength 388 nm and shorter. As seen from Fig. 7, the discharge in
air is a source of radiation of various wavelengths. In the UV range, the most intense
spectral lines are of wavelengths 336.7 nm, 356.5 nm and 379.2 nm. This radiation could
therefore cause TiO, activation, which can contribute to the processes leading to the
discharge ozone generation.

In order to understand at least qualitatively obtained results, we can consider the fol-
lowing cases.

No TiO, on the Active Electrode

Our reference experiment was an experiment when there was no TiO, layer on the active—
strip electrode. This was the situation of the classical dielectric barrier discharge.
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Comprehensive reviews of this discharge are given in [25, 26]. According to these papers,
the classical DBD develops along the conductive electrode on the dielectric surface, and
plasma does not come into direct contact with the strips. The discharge consists of distinct
parallel channels that originate at the conductive electrode and terminate somewhere on the
dielectric surface. The channels seem to appear simultaneously and develop independently
of their neighbours. The preceding channels influence the succeeding ones by surface
charges left on the dielectric surface. Apart from these charges, there exist also charges in
the discharge volume and charges on the conductive electrode. All these charges certainly
depend on the material properties of the alumina plate, as well as on the properties of the
material of the strip electrode. The discharge performance, involving its emission as well
as ozone generation, is therefore affected by the properties of these two materials.

The ozone generation in non-equilibrium discharges in air at atmospheric pressure is a
two-step process [13], which starts from dissociation of molecular oxygen and nitrogen by
electron impact reactions. The dissociation rates coefficients of O, and N, are functions of
reduced electric field (E/n), which is defined as the ratio of electric field strength E per unit
gas density n. The second step in the ozone formation is the reaction of atomic oxygen with
O, and a third body to create an ozone molecule. Thus the main ozone-generating reaction
dominant at atmospheric pressure is:

0+0,+M—0;+M— 03 +M,

where M is a third-body collision partner (in air O, N,), or a solid metallic/dielectric
surface. According to [27], the optimum reduced electric field for ozone generation from
air at atmospheric pressure is about 200 Td; this process takes about 100 ps.

Layer of TiO, is Only on the Strips of the Active Electrode

In this case, the conductive strip discharge electrode is covered by a layer of TiO,
semiconductor. As mentioned earlier, the discharge develops along the conductive elec-
trode on the dielectric surface; therefore the plasma does not come into direct contact with
the layer of TiO, on the strips.

As seen from comparison of Fig. 6a, b, electrical parameters of the discharge are
changed, which results in the change of emission spectra and finally in the change in
discharge ozone production. In this case, to the production of ozone due to the volume
processes in the discharge should be added ozone production due to the processes caused
by the activation of the TiO, photocatalyst on the strips by ultraviolet radiation emitted
from the discharge. When the TiO, photocatalyst absorbs ultraviolet radiation produced by
de-excitation processes in the discharge, the electron of the valence band of titanium
dioxide becomes excited. The excess energy of this excited electron promotes the electron
to the conduction band of TiO,, therefore creating the negative-electron (e—) and positive-
hole (h+) pair:

TiO, + hf - ht +e~

If a suitable scavenger in the vicinity of the catalyst is available to trap the electron or hole,
subsequent redox reactions can occur. The electrons are capable of carrying out reduction
reactions, while the holes can carry out oxidation reactions. Thus, active oxygen species
O-, O3—, and superoxide anion O,— are produced from reactions of electrons with O, in air.
These active oxygen species together with other radicals should be added to plasma
components produced by the discharge. All these species at different levels contribute to
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the processes leading to the discharge ozone production. It is therefore reasonable to expect
that covering the strip electrode with a layer of TiO, should contribute to the discharge
ozone production.

From Fig. 8 it can be seen that when the layer of TiO, covers the strip electrode, the
discharge ozone production is the highest in all four investigated cases. This finding could
have important application impacts, which could be utilised in the construction of more
efficient ozone generators.

TiO, Layer Only in the Regions Between the Strips of the Active Electrode

As long as the discharge develops in this region, the change in electrical properties of this
region will affect the discharge properties. For propagation of the discharge in this region,
an important role is played by the distribution of the electric field. One of the quantities that
affects electric field distribution is the dielectric constant, €. In the case of alumina,
€, = 9.6. When the surface of alumina is covered by the layer of TiO, with the dielectric
constant &, = 85-110, the electric field distribution of the gap will be changed compared to
the case of field distribution without the TiO, layer. According to [28-30] the increase in
dielectric constant makes the electric field in the gap increase at the fixed applied voltage.
The change of the dielectric constant in the region between the strips of the active electrode
also acts on the expansion of the positive ion cloud in the positive half-period of the driving
voltage [31].

As was already mentioned, for efficient ozone generation from air, a reduced electric
field (E/n) ~ 200 Td is required. As long as this reduced electric field has a certain
optimum, it is reasonable to suppose that ¢, has also some optimum value. This conclusion
is supported by the results presented in [29], where it is indicated that there exists an
optimum g, for ozone generation.

TiO, Layer on all Area of the Active Electrode

This case differs from the preceding case when the layer of TiO, was only in the region
between the strips of the active electrode only by the surface area covered by TiO,, namely
an increase in area due to the covering of the sides of the dielectric plate with TiO,. This
surface does not take any substantial part in the discharge development. The discharge
develops in the region between the strips, and its properties are therefore mainly given by
the properties of the region between the strips and those of conductive electrode. These two
regions are the same as in the case of the layer between the strips of the active electrode. It
could therefore be expected that the electrical parameters of the discharge will not be
substantially different. This conclusion is supported by the results in Fig. 6, where it is seen
that for the same discharge voltage the average discharge current for the discharge with a
layer of TiO, between the strips is only slightly higher than for the discharge with TiO, on
all areas.

From Fig. 7, it is seen that intensities of spectral lines for the case when TiO; is on all
area of the active electrode are the smallest from all investigated cases. This result can be
explained by the largest absorption area for discharge emission. As long as these intensities
of UV radiation are the smallest, the photocatalysfs contribution to the discharge ozone
production will be small. This conclusion is in agreement with the results the concentration
of ozone produced by the discharge, which are shown in Fig. 8.

The assumption with higher absorption of UV radiation when TiO, was on all areas of
the active electrode is also supported by the following experimental fact. The active
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electrode as well as the square electrode was screen printed on the alumina plate using the
same procedure. In our preliminary experiments, the cooling of the grounded electrode for
all four investigated cases was performed only by flowing air. We performed the experi-
ment with TiO, on the strips, TiO, between the strips, TiO, on all areas of the active
electrode, and finally with the active electrode without any TiO,. All experiments lasted for
the same time. It was found that from all four cases, only for the electrode system with
TiO, on all areas of the active electrode was the square counter electrode stripped away.
This result can be explained by excessive heating of the alumina plate with a layer of TiO,
on all areas of the active electrode, caused by adsorption of UV radiation in the range
300400 nm.

Conclusions

In order to better understand the influence of TiO, photocatalyst on electrical character-
istics, emission and ozone production of surface dielectric barrier discharge, we examined
the effect of placement of this catalyst on various regions of the active electrode. If we take
as a reference discharge the discharge without any layer of TiO, on the active electrode,
our findings can be summarized as follows:

e Covering the strips of the active electrode with a layer of TiO, increases average
discharge current, increases the intensity of spectral lines, and increases the
concentration of ozone produced by the discharge. The concentration of ozone
produced by the discharge as well as discharge emission is the biggest from all
investigated cases.

e Covering the region between the strips of the active electrode with a layer of TiO,
increases average discharge current, decreases the intensity of spectral lines, and
decreases the concentration of ozone produced by the discharge. The average discharge
current is the biggest in all investigated cases.

e Covering all area of active electrode with a layer of TiO, increases average discharge
current. Intensity of the spectral lines, as well as the concentration of ozone produced
by the discharge, are the smallest from all investigated cases.

The obtained results could contribute not only to a deeper understanding of discharge
catalyst interaction, but can also have direct application impact; for example, in the con-
struction of more efficient ozone generators.
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as TiO, photocatalyst.

We examined the possibility of finding an alternative to the photocatalyst titanium dioxide for enhance-
ment of ozone generation by electrical discharges. As a rough indicator of the photocatalytic activity of
the catalysts, we took the concentration of the ozone produced by the surface dielectric barrier electrical
discharge in air. This discharge is, apart from the source of the charged and excited species, also the
source of ultraviolet radiation, which could be used for the activation of photocatalysts. From various
photocatalysts we have chosen zinc oxide. We compared the effect of ZnO and TiO; on the enhancement
of discharge ozone production and we found that for this application ZnO shows almost the same effect

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalysis is a chemical reaction occurring in photoirradi-
ated mostly semiconductor materials. The principle of this reaction,
see Fig. 1, consists of the irradiation of the photocatalyst by elec-
tromagnetic radiation with the energy of photons higher than the
forbidden energy gap. This irradiation can promote electrons from
the valance band to the largely vacant conduction band. Simulta-
neously, a positive hole with strong oxidising capability is formed.
The electrons are capable of carrying out reduction reactions and
holes can carry out oxidation reactions [1]. The chemical structure
of the photocatalyst remains unchanged.

Due to these properties, photocatalysis has been found to be
useful in a wide range of important applications such as solar cells,
self-cleaning materials for residential or office buildings, air pol-
lution control, water purification, sterilisation and medicine, and
environmental applications [2].

Starting from 1972 one of the most studied photocatalysts has
been titanium dioxide, TiO, [3]. TiO, is an n-type semiconductor,
which can exist in several phases: TiO, in an anatase phase has a
forbidden energy gap of 3.2 eV, TiO, in arutile phase has a forbidden
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energy gap of 3.02 eV, and TiO,, in a brookite phase has a forbidden
energy gap of 2.96 eV. The energy gaps of 3.2 eV and 2.96 eV corre-
spond to electromagnetic radiation at wavelengths of 387 nm and
414 nm, respectively.

The principal task of this paper is to examine the possibility
of finding an alternative to, or maybe a substitute for, TiO, for the
enhancement of ozone generation by surface dielectric barrier elec-
trical discharge in air. As a rough indicator of the photocatalytic
activity of catalysts, we measured the concentration of produced
ozone. Generally speaking, ozone generation by electrical discharge
from air is a rather complex process involving a chain of various
reactions [4-6].

In the case of ozone generation by electrical discharge only,
ozone is mainly produced by reactions occurring in the discharge
volume. The initial step is the electron impact dissociation of molec-
ular O, and N, followed by other reactions among oxygen and
nitrogen species. The main ozone formation reaction dominant at
atmospheric pressure is:

0+ 0,+M — 03+M, (1)

where M is the third collision partner.

In the case of electrical discharge with the presence of catalysts,
the contribution of the surface reactions due to the activation of
the photocatalysts by ultraviolet radiation emitted by the discharge
should be added to the volume reactions that lead to ozone gen-
eration. For the discharges in air, the strongest emissions originate
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Fig. 1. Principle of photocatalysis.

from the second positive system of nitrogen (C3 1y — B3Ilg), which
emits photons at a wavelength of 337.1 nm. The first negative sys-
tem (ByXy* — Xz Xg*) of N* emits radiation at a wavelength of
391.4nm. Thus, when the photocatalyst is illuminated by the UV
light of these wavelengths, it becomes activated and the electron
and positive hole can then react with the molecules in the vicinity
of the catalyst. An example of the reaction of an electron with an
oxygen molecule is the formation of the superoxide anion O,":

e‘+02—> 02_. (2)

In addition to superoxide anions, other active oxygen species
suchas 0,037,057~ [6], etc. could also be produced. These active
oxygen species then enter plasma-chemical reactions leading to the
generation as well to the destruction of ozone. The resulting con-
centration of ozone then represents the dynamic balance of these
two types of reactions.

Based on the spectrum of electrical discharges in air and the
corresponding width of the forbidden gap, different materials exist
which could be suitable alternatives to TiO, for the enhancement
of discharge ozone production.

The most promising candidate is probably zinc oxide, ZnO. ZnO
is an n-type semiconductor with a band gap of ~3.37 eV at room
temperature [7]. This energy gap corresponds to electromagnetic
radiation at a wavelength of 376 nm. An important property of ZnO
is that its band gap can further be tuned to ~3-4eV through its
alloying with magnesium oxide or cadmium oxide. This property
suggests the possibility of sensitising ZnO to particular wavelengths
emitted by the discharge. Another interesting property of ZnO is
that pointed tips of ZnO nanorods result in the strong enhance-
ment of an electric field. As long as the electric field distribution
affects the reduced electric field, it could lead to the increase of dis-
charge ozone generation. Given that ZnO is relatively inexpensive
and commercially available, this material is therefore very promis-
ing.

In addition to TiO, and ZnO, other materials which combine
the contribution of photocatalysis together with the effect of a
local enhancement of the electric field, as well as processes associ-
ated with adsorption on the surface of these materials or processes
associated with thermal activation, could also be placed into the
discharge volume.

One of these materials is strontium titanium oxide, SrTiOs. In
its stoichiometric form SrTiOs is a good insulator. Doping of SrTiO3
can confer semiconducting properties to it. In the case of n-type
conductivity, SrTiOs3 is a wide-gap semiconductor with a band gap
~3.2eV [8]. This energy gap corresponds to the electromagnetic
radiation wavelength of 387 nm, which is closer to the wavelength
emitted by the first negative system N,* than TiO, is. SrTiO3 finds
applications in varistors or in high temperature superconducting
microwave filters.

Another interesting material for our purposes is stannic oxide,
Sn0,. Itis a transparent metal-oxide n-type semiconductor with an
energy gap of 3.6 eV [9,10]. This energy gap corresponds to the elec-
tromagnetic radiation wavelength of 344 nm, which is the closest
to radiation emitted from the second positive system of nitrogen.
In conjunction with vanadium oxide, SnO, is used as a catalyst for
the oxidation of aromatic compounds in the synthesis of carboxylic
acids and acid anhydrides.

Barium titanate, BaTiOs, is an electrical insulator inits pure form.
However, when doped with small amounts of metals it becomes an
n-type semiconductor with an energy gap 3.3-3.5eV [11,12]. This
energy gap corresponds to the electromagnetic radiation wave-
length of 376 nm. BaTiOs is frequently used in in nonlinear optics
or in uncooled thermal imagers.

Aside from these materials, other possibilities exist, such as sil-
ica Al,O3 or CaTiOs. For example, silica can also exhibit catalytic
properties in ozone synthesis under silent discharge conditions
[13].

Given that the most commercially available material is ZnO and
that its energy gap corresponds to the wavelength of the radiation
emitted by the discharge in air, we have therefore decided to choose
it from the above-mentioned materials for the purposes of ozone
generation as a possible alternative to TiO,. This choice is also moti-
vated by the results presented in [14], where it is stated that ZnO
photocatalytic performance for processes such as photodegrada-
tion of dyes is superior to Degussa P25 TiO,.

As a rough indicator of the photocatalytic activity of these two
catalysts, we measured the concentration of ozone produced by the
surface dielectric barrier electrical discharge in air. We have there-
fore compared the effect of TiO, or ZnO on the electrical parameters
ofthe discharge for various experimental conditions. We first tested
discharge ozone production without any photocatalyst, followed
by discharge ozone production with TiO, and finally discharge
ozone production with ZnO. Finally we compared the increments
of ozone concentration due to the presence of the photocatalyst in
the discharge chamber as a function of the intensity of UV radiation
emitted by the discharge.

It should also be mentioned that for other environmental appli-
cations such as volatile organic compound decomposition, catalysts
other than TiO; or ZnO, for example those mentioned in this sec-
tion, could also be more effectively used when sensitised to the
particular emitted spectra.

2. Experimental arrangement

The experimental arrangement, shown in Fig. 2, consists of an
ozone generator together with electrical diagnostics, an air feeding
system, and an ozone monitor. The ozone generator is based on
surface dielectric barrier discharge, which was used as a source of
UV radiation for activation of the catalysts. The discharge chamber
of the ozone generator is arranged in such a way that plates of
different shapes without or with a layer of a catalyst can be placed
there.

2.1. Ozone generator on the basis of surface dielectric barrier
discharge

A flat ozone generator made from polymethyl methacrylate
Plexiglas, comprises an electrode system screen-printed on a
50 x 50 mm high-purity alumina Al, O3 dielectric plate of 0.635 mm
thickness. This plate divided the ozone generator into two parts. In
the lower part there was a discharge chamber with dimensions of
40 x 40 x 4.8 mm. This chamber was opened to nine interconnected
active electrode strips on the alumina plate. On the other side of the
plate a second square electrode was screen-printed. The layout of
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Fig. 2. Experimental arrangement.

Fig. 3. Photograph of the discharge ozone generator with the Peltier element.

the electrodes together with a photograph of the discharge is given
in our earlier paper [15].

Reaction rates of processes leading to ozone generation and
destruction strongly depend on temperature. For the stabilisation
and control of temperature in the discharge chamber we used a
Peltier element. One side of this element was in contact with square
electrode through the thermal pad and the other side was in contact
with a cooler with an electric fan. To control the Peltier element, its
temperature was measured with a thermocouple placed between
the square electrode and the thermal pad. Additionally, the tem-
perature was measured at the output of the discharge chamber.

The discharge chamber was flushed by air from a cylinder, which
was delivered through the moisture trap and the mass flow con-
troller (MFC). The input/output of air into/out of the discharge
chamber was through three tubes. A photograph of the ozone gen-
erator with the Peltier element is shown in Fig. 3.

The experiments were performed with a sinusoidal driving volt-
age of 10.9 kHz and a peak-to-peak voltage up to 9kV. On the first
channel of an ADS 1102CM digital storage oscilloscope (150 MHz)
we sampled and recorded the discharge voltage through the
high voltage probe (HVP-28HF, Pintek; division ratio: 1000/1; fre-

quency: up to 200 MHz) to determine the average discharge power.
To determine the discharge current we used a signal obtained from
a Pearson current monitor (PCM, model 2877) with a bandwith up
to 200 MHz.

The ozone concentration was measured by absorption of the
254 nm UV spectral line using an API 450 ozone monitor.

Discharge UV emission measurements for the 365 nm wave-
length were performed using an AccuMAX UV monitor with an
XS-365 sensor through the UV transparent lower wall of the dis-
charge chamber. For this measurement the discharge chamber was
empty without plates inside. We registered the peak values of the
radiation intensities emitted by the surface of the strip electrode.

2.2. Geometry of the plates with the photocatalysts

Our experiments were devoted to the comparison of the effect
of TiO, or ZnO photocatalysts on the concentration of ozone and the
ozone production yield of the discharge. For this purpose we placed
in the discharge chamber of dimensions 40 x 40 x 4.8 mm, in lower
part of an ozone generator, see Fig. 2, either a clean plate or a plate
carrying the layer of TiO, or ZnO photocatalyst. The side of the plate
with the layer of photocatalyst was oriented to the strip electrode
that is to the discharge. The plates were made from polymethyl
methacrylate Plexiglas. Experiments devoted to the measurement
of concentration of ozone produced by the discharge were per-
formed either with the clean plate without any catalyst, or this plate
was removed and exchanged by the plate of the same dimensions
however with the layer of TiO, or ZnO.

Layer of ZnO or TiO, photocatalyst on the plate were prepared
by sedimentation of an ultrasonically pretreated suspension of ZnO
powder (zincite, crystalline size 35 nm, BET surface area roughly
29 m?2/g) produced by Umicore, or TiO, powder (78% of anatase,
14% of rutile, and 8% of amorphous phase, crystalline size 30 nm,
BET surface area roughly 56 m2/g) produced by Evonik Degussa.

In order to have various experimental conditions our experi-
ments were performed with plates of two different geometries.
As a first geometry we used a plate with dimensions of
39.5 x 39.5 x 2.0 mm. In this case the area of the plate opened to the
strip electrodes was 1560 mmZ. The surface density of both ZnO or
TiO, photocatalyst was 0.5 mg/cm?2.

Given that the photocatalytic activity depends on the surface
area of the photocatalyst [16], as a second geometry we used a
plate with the same dimensions as the first one, i.e. 39.5 x 39.5,
but of a height 2.8 mm. On the surface of this plate opened to the
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Fig. 4. Plate with pyramids. Central part of the figure - top view of the plate; left side - zoomed photograph of the part of the plate; right side - side view of the plate.

discharge, pyramids were created that had a height 1.4mm and
base dimensions of 2.7 x 2.7 mm. In this way, the area opened to
the discharge was increased to 1946 mm?2. This represents a 2.5%
increase in area in comparison with the plate without the pyramids.
The surface density of each catalyst was 0.35 mg/cm?.

A plate with pyramids is shown in Fig. 4. The figure at the center
shows top view of the plate; figure at left shows zoomed photo-
graph of the part of the plate; and finally right figure shows side
view of the plate.

Another reason for using plates with pyramids is connected to
the fact that ozone generation by the discharge is also affected by
the residence time of particles involved in the ozone generation
process. This residence time depends on the airflow patterns in the
discharge chamber. In order to obtain the results for different air-
flow patterns, we performed our experiments with two types of
airflow - flow through a rectangular cross section chamber (when
there was a plate in the discharge chamber) and flow through the
cross section in which there are pyramids opened to the strip elec-
trode. In each of these two cases we measured the concentration of
ozone produced by the discharge for the clean plate as well as for
the plates with the ZnO and TiO, layers. It should also be pointed
out that the height of the plate in the form of the parallelepiped
was chosen in such a way that the cross section of the discharge
chamber through which the air was blowing was the same as the
cross section of the chamber in the case where there was a plate
with pyramids.

3. Experimental results and discussion

The experiments were performed with airflow through the
discharge chamber 1.8 standard litters per minute and relative
humidity of air 3%. The Peltier element was controlled in such a
way that during the experiments the temperature of the square
electrode was kept constant 18.24+0.2°C.

3.1. Electrical parameters of the discharge without and with
photocatalysts

Ozone is first of all generated by the discharge itself and beside
of it there is a contribution to the processes leading to its generation
due to the presence of photocatalysts in the discharge chamber. The
discharge ozone production is except of other quantities affected
mainly by electrical parameters of the discharge. We therefore
examined effect of placement of the plate, plate with pyramids
or these plates covered by layer of TiO, or ZnO in the discharge
chamber on electrical parameters of the discharge. Fig. 5 shows the
dependence of the discharge power on the peak discharge voltage
when clean plates, plates with pyramids, or the plates with TiO, or
ZnO layers are placed in the discharge chamber.

DX DA XA XXX i
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-
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>
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o
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| * Pyramids with ZnO]
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2 . . . . .
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Fig. 5. Discharge power as a function of the peak discharge voltage when clean
plates, plates with pyramids, or the plates with TiO, or ZnO layers are placed in
the discharge chamber. Clean plate - black squares; plate with ZnO - blue down
triangles; plate with TiO, - red up triangles. Clean plate with pyramids - black
circles; plate with pyramids with ZnO - green stars; plate with pyramids with TiO,
- red pentagons. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

It can be seen in Fig. 5 that the type of photocatalyst on the plate
or the geometry of the plate in the discharge chamber does not
substantially affect the electrical parameters of the discharge.

Similar dependence of injected power versus applied voltage
for the barrier discharge in cylindrical configuration with presence
of TiO, and UV irradiation was investigated in [17]. It was shown,
that the presence of photocatalytic material increases the discharge
power by a factor of 1.5. It should be however mentioned that in
this case was investigated volume dielectric barrier discharge when
TiO, was placed directly inside the plasma region and in our case
we investigated surface dielectric barrier discharge when TiO, (or
Zn0) was placed in the discharge chamber but on the side opposite
to the active strip electrode and relatively far from it.

3.2. Discharge ozone production

As arough indicator of the photocatalytic activity of TiO, or ZnO
we measured the concentration of ozone produced by the surface
dielectric barrier electrical discharge in air with and without the
presence of these photocatalysts in the discharge chamber. In order
to also take into consideration the energy required for the produc-
tion of a certain mass of ozone in our analysis, we also calculated
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Fig. 6. Ozone concentration versus average discharge power for plates placed inside
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Fig. 7. Ozone production yield versus average discharge power for plates placed
inside the discharge chamber. Clean plate - black squares; plate with ZnO - blue
down triangles; plate with TiO; - red up triangles. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

the ozone production yield, «, which is defined in the following
way:

e 21.44 x (Ozone concentration) x Airflow x 6 x 103

o [g/kWh] , (3)

where the concentration of ozone produced by the discharge is
substituted in parts per million, the airflow in standard liters per
minute, and the average discharge power in watts.

3.2.1. Ozone production of the discharge with plates in the
discharge chamber

The ozone concentration versus average discharge power for a
clean plate, a plate with a layer of ZnO, and finally a plate with a
layer of TiO, placed inside the discharge chamber is shown in Fig. 6.
Analogical dependences for ozone production yield are shown in
Fig. 7.

It can be seen in Fig. 6 that the concentration of ozone produced
by the discharge with a plate in the discharge chamber is slightly
higher for the plate with a layer of TiO, than for the plate with a
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Fig. 8. Ozone concentration versus average discharge power for plates with pyra-
mids. Clean plate - black circles; plate with ZnO - blue stars; plate with TiO,- red
pentagons. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig.9. Ozone production yield versus average discharge power for plates with pyra-
mids. Clean plate - black circles; plate with ZnO - blue stars; plate with TiO,- red
pentagons. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

layer of ZnO, irrespective of the discharge power. As can be seen in
Fig. 7, a similar conclusion can be made for ozone production yield.

3.2.2. Ozone production of the discharge for plates with pyramids
in the discharge chamber

The ozone concentration versus average discharge power for the
clean plate with pyramids placed inside the discharge chamber and
for the plates with pyramids with a layer of ZnO or TiO; is shown in
Fig. 8. Analogical dependences for the ozone production yield are
shown in Fig. 9.

It can be seen in Fig. 8 that the concentration of ozone produced
by the discharge with plates with pyramids in the discharge cham-
ber is approximately the same for plates with a layer of TiO, or
with a layer of ZnO, irrespective of the average discharge power. As
can be seen in Fig. 9, a similar conclusion can be made for ozone
production yield.

It can also be concluded from a comparison of Figs. 6 and 8 for
the ozone concentration produced by the discharge with a plate
or with a plate with pyramids that ozone concentration increases
faster as power increases in case of the plate with pyramids.
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Fig. 10. Peak values of the UV emission intensities of the discharge for the 365 nm
wavelength versus average discharge power.
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Fig.11. Increment of the ozone concentration as a function of the intensity of the UV
radiation emitted by the discharge for the 365 nm wavelength. Plate with TiO; - red
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3.2.3. Discharge UV emission and the photocatalytic activity of
the catalysts

The triggering role for the activation of photocatalysts is played
by UV radiation emitted by the discharge. This radiation can be
described by its wavelength and intensity. For the range of investi-
gated average power from 2 to 6 W the peak values of intensities of
UV radiation for the 365 nm wavelength versus average discharge
power are shown in Fig. 10. From this figure we can conclude that
for the investigated range of average power the intensity of UV
emission is a linear function of average discharge power.

To evaluate the photocatalytic activity of the catalysts, we com-
pared the increment in the ozone concentration produced by the
discharge when we had placed the photocatalyst in the discharge
chamber compared with the situation when there was no photocat-
alyst. The experiments were performed with two different plates
with catalysts, as mentioned in Section 2.2.

In Fig. 11 this increment of ozone concentration is shown as a
function of the intensity of UV radiation emitted by the discharge
for a plate with a layer of TiO, (red up triangles) or ZnO (blue
down triangles). In the same figure the increment of the ozone con-
centration for the plates with pyramids with a layer of TiO, (red

pentagons) or ZnO (blue stars) is also shown. It should, however,
be pointed out that the increment in the ozone concentration was
obtained as the difference between two close large numbers, which
means that this difference is subject to an important error. This is
the reason why the obtained results should only be considered as
indicative. For illustrative purposes estimated error bars are shown
in this figure.

From Fig. 11 we can see that the increments of the ozone con-
centration produced by the discharge for the plates with pyramids
(with a layer of TiO, or ZnO) is higher than the increments of the
ozone concentration for plates without the pyramids (both with
a layer of TiO, or ZnO). This difference in the ozone concentration
could be explained by the increased surface area in the case of plates
with pyramids and as well by the effect of the change in the airflow
patterns on ozone generation in the discharge chamber.

Another conclusion could be taken from the dependence of this
increment in the ozone concentration on the intensity of UV radi-
ation for both catalysts. It can be seen that this increment for both
catalysts varies with UV intensity. As long as data concerning the
effect of intensity of UV on ozone generation for various photo-
catalysts do not yet exist, we tried to compare our results with
the results presented in [18], where TiO, is used for the destruc-
tion of water contaminants. In this paper it was shown that at
low intensities the quantum efficiency of the photocatalytic pro-
cess (the number of molecules transformed per absorbed photon)is
approximately constant, and at higher intensity levels it decreases.
Our results could therefore be considered as being in qualitative
agreement with the results presented in [16].

Finally, it can be concluded that from the standpoint of the dis-
charge ozone generation the TiO, photocatalyst shows only slightly
better performance than ZnO.

4. Conclusions

We examined the possibility of finding an alternative to the pho-
tocatalyst TiO, for ozone generation by electrical discharges. From
various catalysts we selected ZnO because it is the most commer-
cially available and its energy gap corresponds to the wavelength
of the radiation emitted by the discharge in air. As an indicator of
the photocatalytic activity of these two photocatalysts we took the
concentration of ozone produced by the surface dielectric barrier
electrical discharge in air. We measured the concentration of ozone
produced by the discharge itself, and the discharge ozone concen-
tration with the presence of TiO, or ZnO layers on plates of two
different geometries, which were placed in the discharge chamber.

We found that the electrical parameters of the discharge were
not substantially affected by the geometry of the plates or the pres-
ence of the catalysts on these plates. Our findings concerning the
effect of TiO, or ZnO on the discharge ozone production can be
summarised as follows:

e There is only a small difference in the concentration of ozone or
ozone production yield for the discharge with plates with a layer
of TiO, or ZnO.

¢ There is no reasonable difference in the concentration of ozone or
ozone production yield for the discharge with plates with pyra-
mids coated in a layer of TiO, or ZnO.

¢ The increment of the discharge ozone production is higher for
plates with pyramids than for plates without pyramids.

Finally, we demonstrated that for the enhancement of the
discharge ozone generation in air, the TiO, photocatalyst shows
only slightly better performance than ZnO. It should, however,
be pointed out that for other environmental applications, such
as volatile organic compound decomposition, other catalysts, e.g.
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those mentioned in the introduction, could be more effectively used
when sensitised to the particular emitted spectra.
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Zpusob generovani ozonu, aktivnich kyslikovych i
dusikovych ¢astic s dielektrickym bariérovym nebo
koronovym vybojem a zatizeni k provadéni tohoto
zpusobu s valcovym systémem elektrod vyuZzivajici na

jedné strané tangencialni vstup (1) pracovniho plynu a na
opacné stran¢ opatieny vystupem (2) pracovniho plynu,

ozonu, aktivnich kyslikovych i dusikovych ¢astic a

dal$ich produkti vyboje, pficemZ na uzemnénou
valcovou elektrodu (5) je nasunuta trubka (4) z
dielektrického materialu, na jejimz povrchu je vytvorena
vysokonapét'ova elektroda (3) a tato sestava je koaxialné
vlozena do tfeti trubky z dielektrického materidlu slouzici

jako kryt (7) generatoru, ¢imz vznikne ve valcovém

mezikruzi ohrani¢eném vnitini sténou krytu (7)

generatoru a vnéjsi sténou trubky (4) z dielektrického
materialu vybojovy prostor (6), ve kterém je dosazeno
orientovaného pohybu pracovniho plynu viéi hrané

vysokonapétové elektrody (3).
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Zpiisob generovani ozonu a dalSich aktivnich ¢astic a zaFizeni k provadéni tohoto zptisobu

Oblast techniky

Predlozené feseni se tyka zplisobu generovani ozonu a dalSich aktivnich kyslikovych i dusikovych
¢astic vznikajicich dielektrickymi nebo koronovymi vyboji vyuzivajici k jejich produkci
orientovany pohyb pracovniho plynu vzhledem k vysokonapétové elektrodé za pomoci
tangencialnich vstupt tohoto plynu do komory generatoru a zafizeni ke generovani ozonu zalozené
na tomto principu.

Dosavadni stav techniky

In situ sana¢ni chemické oxidace jsou Casto zaloZeny na principu oxidaéné-redukénich reakei.
Oxida¢ni ¢inidlo je redukovano a polutant je oxidovan. V praktickych aplikacich jsou pouzivana
rizna reakeni Cinidla. Jsou jimi nejcastéji peroxid vodiku, manganistan draselny, manganistan
sodny, Fentonovo ¢inidlo, ale i naptiklad ozon.

Ozon neboli trikyslik je anorganickd molekula chemického vzorce Os, je to bledé¢ modry plyn s
vyrazné Stiplavym zapachem. Je to allotropickd modifikace kysliku, ktery je mnohem méné stabilni
nez diatomicky allotrop O, rozpadajici se v atmosféfe na O, neboli dikyslik. Ozon v atmosféte
Zemé je tvoten z dikysliku ptisobenim ultrafialového svétla a elektrickych vybojt. Je pfitomen ve
velmi nizkych koncentracich ve vSech vrstvach atmosféry veetné pfizemni, pfi¢emz jeho nejvyssi
koncentrace 1ze nalézt v ozonové vrstvé stratosféry, ktera absorbuje vétsinu ultrafialového zafeni
ze Slunce.

Ozon je nestabilni plyn, ktery se okamzit¢ zacina rozkladat. Jeho polocas rozpadu se v zavislosti
na podminkach pohybuje od n¢kolika sekund az do fadu hodin. Rozklada se na kyslik, pricemz
nevznikaji zadné skodlivé produkty. Podminky vedouci k rozkladu ozonu jsou pfedev§im zvysena
vlhkost, zvySena teplota, ptipadné pfitomnost n¢kterych kovi jako je meéd’, sttibro nebo zelezo. Pti
zvysené teploté a za pritomnosti nékterych katalyzatori jako je vodik, Zelezo, méd’, chrom muze
byt proces rozkladu vybusny.

V souvislosti s touto nestabilitou nelze ozon skladovat a musi se proto vyrabét na misté, kde bude
pouzivan.

Lidé maji schopnost detekovat pfitomnost ozonu pii koncentracich 0,003 ppm, pfi¢emz pii
koncentracich okolo 0,15 ppm se stava toxickym. Vystaveni osob plsobeni ozonu o téchto
koncentracich zptisobuje dychaci problémy, slzeni o¢i, ptipadné kasel.

Aktivni kyslikové ¢astice, napiiklad ozon, atomy kysliku, peroxid vodiku atd., jsou oxida¢nimi
¢inidly, které ve styku s plisnémi, sporami nebo s bakteriemi tyto kontaminanty ni¢i. Vzhledem k
témto vlastnostem se dodavanim vyse uvedenych aktivnich kyslikovych, ptipadné¢ dusikovych,
¢astic do prostoru, ve kterém jsou skladovany nebo prepravovany potraviny, zelenina nebo ovoce,
dosahuje prodlouzeni jejich trvanlivosti.

Ozonizace patii k Casto vyuzivanym sanacnim technikam, jako takova vsak vykazuje pii masovém
pouziti relativné vysoké naklady na vlastni provoz. ZvySeni ucinnosti ozonizace a sniZeni jeji
ekonomické narocnosti jsou predmétem navrhovaného vynalezu. V sanacnich technologiich
existuji 1 jiné metody, které vSak jsou ve srovnani s ozonizaci malo u¢inné ¢i vitbec netcinné.

Ozon se vyrabi tfemi hlavnimi zplsoby: elektrochemickym generovanim, kdy elektricky proud
prochazi elektrolytem, pficemz vznikla smés plynii obsahujici ozon, ultrafialovymi paprsky - k
tomuto procesu dochdzi napf. v hornich vrstvach atmosféry a v netermdlnim plazmatu
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generovaném elektrickymi vyboji.

Ozon je pro praktické aplikace obvykle generovan elektrickymi vyboji za atmosférického tlaku.
Nejcastéji se jedna o dielektricky bariérovy vyboj, piipadné o vyboj koronovy. Aktivni kyslikové
a dusikové cCastice jsou generovany plazmochemickymi procesy, které jsou spoustény
energetickymi elektrony generovanymi vybojem. Elektrony disociuji molekuly kysliku a dusiku
ptitomné ve vzduchu a spousteji soustavu reakcei vedoucich jak k produkci, tak i k rozkladu vyse
uvedenych castic. Vysledna koncentrace aktivnich kyslikovych a dusikovych castic je dana
dynamickou rovnovahou uvedenych reakci.

Jedna se o komplikovany fyzikalné-chemicky proces, ktery se sklada z disocia¢nich, excitacnich a
ionizaénich reakci. Z fady vSech téchto reakci je pro generovani ozonu ze vzduchu za

vvvvvv

0+0,+M—->0:+M

kde M je bud’ molekula kysliku nebo dusiku. Z uvedené rovnice je tedy zfejmé, Ze pro nastartovani
reakci vedoucich ke generaci ozonu ze vzduchu je nutna piitomnost kyslikovych atomi. Ke vzniku
téchto atomt dochazi v disledku disociace kyslikovych molekul obsaZenych ve vzduchu.

Vzhledem k tomu, ze generovani ozonu i ostatnich aktivnich kyslikovych a dusikovych castic
produkci zvysit, napiiklad optimalizaci systému elektrického napdjeni, pouzitim dalSich
fotokatalytickych latek aplikovanych do vyboje, ovlivnénim ¢i  stabilizaci  vyboje
elektromagnetickymi ¢i akustickymi poli.

Znamé je feSeni vyroby ozonu ve valcovych generatorech podle piihlasky vynalezu, napf.
US 2009/0211895 Al, kde vysokonapétova elektroda je feSena formou spiraly na povrchu ¢i uvnitf
dielektrické trubky umisténé koaxialn€ s vodivou valcovou uzemnénou elektrodou. Korona ¢i
povrchovy dielektricky vyboj potom vznikaji ve stacionarnim vzduchu ¢i kysliku. Pracovni plyn
tedy neni nijak veden ani orientovan vuci elektrodovému systému. Elektrony ze streamerovych
mikrovyboji disociuji molekuly pracovniho plynu a dochazi ke vzniku ozonu a dalSich
kyslikovych, pifipadné¢ dusikovych castic, které nejsou ze zafizeni fizené odvadény. Proces
generovani aktivnich ¢astic je tak nahodily a siln€ zavisly na environmentalnich podminkach.

Znamé je feseni podle dokumentu US 2009/0283399 A1, kde je pracovni plyn axialné vhanén do
prostoru mezi aktivni napét'ovou a zemnici elektrodu, vzajemné oddelenych dielektrickou bariérou,
a to v jejich riznych polohovych variacich. Nadvazné patentové feSeni US 7514377 B2 specifikuje
typy a polohy jednotlivych elektrod. Reseni popsana v dokumentech US 2009/0283399 Al i
US 7514377 B2 vyuzivaji ke svému provozu dielektricky objemovy vyboj, ktery ma obecné nizkou
ucinnost. Pozadované vysledné koncentrace ozonu tak dosahuji pouze usporadanim vice takovych
generatord do jednoho zatizeni.

Dale je znamé feseni podle dokumentu GB 424691 A, které vyuZziva tangencialni vstup pracovniho
plynu do vybojové komory generatoru ozonu, avSak neorientuje vzniklé proudéni vuéi
elektrodovému systému, kterym je v konkrétnim ptipadé kovovy elektricky vodivy povlak, ¢i
paska nanesené na sklenéné trubici.

Je znamé i feseni podle dokumentu US 5501845 A, kde se jedna o valcovy generator vyuzivajici k
vyrobé ozonu opét dielektricky bariérovy objemovy vyboj s ploSnymi elektrodami
neorientovanymi vii¢i proudéni. Nevyhodou obou uvedenych feseni je vytvofeni objemového
dielektrického vyboje, ktery ma obecné nizsi produkci ozonu, niz§i vytéznost, vyssi elektricky
ptikon nez povrchovy dielektricky vyboj vytvoteny prostfednictvim elektrod, které jsou vhodné
orientovany vuc¢i sméru proudéni pracovniho plynu uvnitf komory generatoru. Velky vliv na
ucinnost uvedeného zafizeni maji environmentalni podminky, ve kterych je zafizeni provozovano.
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Podstata vynalezu

Vyse definované nevyhody popsané ve stavu techniky snizuje ¢i eliminuje zplsob vyroby ozonu a
zafizeni specifikované podle tohoto vynalezu. Zvyseni koncentrace ozonu a aktivnich kyslikovych
i dusikovych castic generovanych dielektrickym bariérovym nebo koronovym vybojem v
porovnani se stavajicim stavem techniky umoziuje potom zafizeni podle pfedkladaného feSeni.

V hlavnim provedeni se jednd o zplisob generovani ozonu a dalSich aktivnich kyslikovych 1
dusikovych c¢astic s dielektrickym bariérovym nebo koronovym vybojem vyuzivajici k jejich
produkei orientovany pohyb pracovniho plynu vzhledem k vysokonapétové elektrodé za pomoci
tangencialnich vstupti tohoto plynu do komory generatoru.

Pti zpliisobu generovani ozonu, aktivnich kyslikovych a dusikovych ¢astic elektrickym vybojem v
systému s valcovymi elektrodami prochazi vybojovym prostorem tvaru valcového mezikruzi
pracovni plyn o teploté od -40 do +50 °C. Valcové mezikruzi je ohraniceno vnitini sténou krytu
generatoru a do ni koaxialn¢ umisténou vnéjsi sténou trubky z dielektrického materialu, opatienou
na povrchu vysokonapétovou elektrodou tvotfenou paralelné spojenymi vodivymi pasky ve formé
prstencti nebo vodivym paskem ve formé valcové spiraly. Vnitini sténa trubky doléha na koaxidlné
vlozenou uzemnénou valcovou elektrodu. Pracovni plyn vchazi vstupem tangencialné vici hrané
vysokonapét'ové elektrody a dale se orientované pohybuje za ptetlaku 100 az 300 kPa vybojovym
prostorem paralelné s hranou vysokonapétové elektrody smérem k vystupu. Postupuje valcovym
mezikruzim a pisobenim vyboje, vybraného ze skupiny povrchovy dielektricky bariérovy vyboj,
koronovy vyboj, vznika disociaénimi, excitacnimi a ionizaénimi reakcemi smés pracovniho plynu,
ozonu, aktivnich kyslikovych i dusikovych ¢astic a dalSich produktd vyboje, ktera na protilehlé
stran¢ vystupem odchazi do sanovaného pracovniho prostoru nebo k dalSimu zpracovani.
Frekvence napajeni vysokonapét'ové elektrody pro dielektricky bariérovy vyboj je vyhodné od 50
do 20 kHz.

Zatizeni pro generovani ozonu, aktivnich kyslikovych i dusikovych ¢astic elektrickym vybojem v
systému s valcovymi elektrodami sestava z uzemnéné valcové elektrody, na kterou je nasunuta
trubka z dielektrického materialu. Uzemnéna valcova elektroda je tedy nosnou ¢asti generatoru a
je to elektricky i tepelné vodiva trubka, ptipadné ty¢, ktera slouzi i pro odvod tepla. Na povrchu
trubky z dielektrického materialu je vytvofena vysokonapétové elektroda. Uvedena sestava je
koaxialné vlozena do tfeti trubky z dielektrického materialu, ktera slouzi jako kryt generatoru, ¢imz
je vytvoten vybojovy prostor ve tvaru valcového mezikruzi ohrani¢eného vnitini sténou krytu
generatoru a vnéjsi sténou trubky z dielektrického materidlu, kde jedna strana zatizeni je opatfena
tangencialnim vstupem pracovniho plynu orientovaného vici hrané vysokonapétové elektrody a
na protilehlé stran¢ vystupem smési pracovniho plynu, ozonu, aktivnich kyslikovych i dusikovych
¢astic a dalSich produktl vyboje.

Tangencialni vstup pracovniho plynu do vybojového prostoru je s vyhodou umistény uprostied
vybojového prostoru a je orientovan viuci hran¢ vysokonapétové elektrody. Na obou koncich jsou
pak axialni vystupy.

Zatizeni podle vynalezu je vyhodné opatfeno N tangencidlnimi vstupy pracovniho plynu do
vybojového prostoru, které jsou umistény ve vnéjsi sténé krytu generatoru a rozmistény po axialni
ose vybojového prostoru.

Zatizeni podle vynalezu je vyhodné opatfeno N tangencidlnimi vstupy pracovniho plynu do
vybojového prostoru, které jsou umistény ve vnéjsi sténé krytu generatoru a jsou rozmistény ve

sméru valcové spiraly po axialni ose vybojového prostoru.

Valcové mezikruzi vybojového prostoru ma s vyhodou radialni Sitku od 0,1 do 10 mm, délku

-3-
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elektrod od 30 do 3000 mm a tloustku stény trubky z dielektrického materialu od 0,01 do 3 mm.
Vysokonapétova elektroda je ve vyhodném provedeni z elektricky vodivého materialu o tloust'ce
od 0,001 do 1,5 mm.

Orientovaného proudéni pracovniho plynu lze pro danou geometrii vysokonapétové elektrody
dosahnout napiiklad virovym pohybem pracovniho plynu zptisobeného tangencidlnim vstupem
tohoto plynu do komory generatoru. Smér proudéni pracovniho plynu je podél hrany
vysokonapét'ové elektrody. Ve vybojovém prostoru vznikne virovy pohyb plynu s proudnicemi
kolmymi k mikrovybojim vznikajicimi od prstencti ¢i valcové spiraly vysokonapétové elektrody.

V porovnani s dosud znamymi feSenimi piedstavuje zafizeni podle vynalezu pro generovani ozonu
a aktivnich kyslikovych i dusikovych ¢astic dielektrickym bariérovym nebo koronovym vybojem
zafizeni s vy$$i u€innosti, vyssi vytéZnosti ozonu, a pfitom s mensi energetickou narocnosti, a to
diky orientovanému proudéni pracovniho plynu vici geometrii vysokonapétové elektrody.

Objasnéni vykresa

Vyuziti vy$e zminéného zplisobu generovani ozonu a usporadani valcového generatoru ozonu a
dalsich aktivnich kyslikovych i dusikovych ¢éstic vyuzivajiciho tento zpisob je schematicky
rozkresleno na piilozenych vykresech, pficemz na obrazku 1 je sestava generatoru s jednim
tangencialnim vstupem a vystupy pracovniho plynu. Obrazek 2 ukazuje v fezu tangencialni vstup
pracovniho plynu do vybojového prostoru generatoru. Obrazek 3 potom definuje sttedovou polohu
jednoho tangencialniho vstupu. Obrazek 4 znazoriuje véalcovy generator s N tangencialnimi
vstupy. Zavislost koncentrace ozonu na stfednim piikonu generatoru s riznymi variantami vstupu
pracovniho plynu do vybojového prostoru je uvedena v grafu na obrazku 5. Ktivka 1 znazoriuje
feSeni podle vynalezu a odpovid4 tangencialnimu vstupu pracovniho plynu. Ktivka 2 odpovida
radidlnimu vstupu a znazoriuje feSeni ze stavu techniky. Kfivka 3 znazornuje feseni ze stavu
techniky s axialnim vstupem pracovniho plynu. Stfedni pfikon do vyboje je udavan ve W a
koncentrace ozonu je v ppm. Z grafu je zfejmé vyznamné zvySeni koncentrace generovaného ozonu
pfi tangencialnim vstupu pracovniho plynu.

Piiklady uskuteénéni vynalezu

Dale popsana, zobrazena a specifikovana vhodna provedeni vynalezu jsou ilustrativni a pouze
ptikladem mozného uskutecnéni jak zplsobu, tak provedeni, avSak nejsou omezenim ptikladi
provedeni vynalezu na uvedené piipady. Odborna komunita najde nebo bude schopna identifikovat
za pouziti rutinniho experimentovani dalsi ekvivalentni provedeni specifickych uskuteénéni
vynalezu, ktera jsou zde explicitn€ popsana.

Navrzené technické feSeni se tyka zplsobu generovani ozonu a valcového generatoru ozonu a
dalsich aktivnich kyslikovych i dusikovych ¢astic, pro které existuji dvé mozné varianty
elektrodového uspotradani. V prvnim je vysokonapétova elektroda tvotfena paralelné spojenymi
tenkymi pasky ve form¢ prstencti, ve druhém pak je vysokonapétova elektroda tvorena tenkym
paskem ve form¢ valcové spiraly. Smér proudéni pracovniho plynu je podél hrany vysokonapét'ové
elektrody. Orientovany vstup pracovniho plynu do komory generatoru mulize byt feSen
nasledujicimi provedenimi.

Ptikladnym zptisobem generovani ozonu, aktivnich kyslikovych a dusikovych ¢astic elektrickym
vybojem je generovani v systému s valcovymi elektrodami, kde do vybojového prostoru 6 tvaru
valcového mezikruzi ohrani¢eného vnitini sténou krytu 7 generatoru a do ni koaxialné umisténou
vnéjs$i sténou trubky 4 z dielektrického materialu, opatfenou na povrchu vysokonapétovou
elektrodou 3 tvofenou paralelné spojenymi vodivymi pasky ve formé prstencti nebo vodivym
paskem ve form¢ valcové spiraly, pficemz vnitini sténa trubky 4 z dielektrického materialu doléha
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na koaxialn¢ vloZzenou uzemnénou valcovou elektrodu 5, vstupem 1 vchazi tangencialné vici hrané
vysokonapétové elektrody 3 pracovni plyn, ktery se o teploté od -40 do +50 °C orientované
pohybuje za pietlaku 100 az 300 kPa vybojovym prostorem 6 paralelné s hranou vysokonapétové
elektrody 3 smérem k vystupu 2, postupuje valcovym mezikruzim vybojového prostoru 6, pricemz
plisobenim vyboje, vybraného ze skupiny povrchovy dielektricky bariérovy vyboj, koronovy
vyboj, vzniké disocianimi, excitacnimi a ionizacnimi reakcemi smés pracovniho plynu, ozonu,
aktivnich kyslikovych i dusikovych ¢astic a dalSich produkti vyboje, ktera na protilehlé strané
vystupem 2 odchazi do sanovaného pracovniho prostoru nebo k dal§imu zpracovani.

Dalsim ptikladnym zptisobem generovani ozonu, aktivnich kyslikovych a dusikovych castic
elektrickym vybojem je systém s valcovymi elektrodami s frekvenci napajeciho napéti
vysokonapétové elektrody 3 pro dielektricky bariérovy vyboj od 50 do 20 kHz.

Jednim z ptikladnych provedeni vynalezu je feSeni, kdy je pracovni plyn do komory generatoru
dodavan jednim tangencialnim vstupem 1 a na opacné stran¢ valcového generatoru je axialni
vystup 2 ozonu, aktivnich kyslikovych i dusikovych ¢astic a dalSich produkti vyboje, pfi¢emz na
uzemnénou valcovou elektrodu 5 je nasunuta trubka 4 z dielektrického materidlu, na jejimz
povrchu je vytvorena vysokonapétova elektroda 3 a tato sestava je koaxialné vloZena do treti
trubky z dielektrického materialu slouzici jako kryt 7 generatoru, ¢imz vznikne ve valcovém
mezikruzi ohrani¢eném vnitini sténou krytu 7 generatoru a vnéjsi sténou trubky 4 z dielektrického
materialu vybojovy prostor 6 s tim, Ze tangencialnim vstupem 1 pracovniho plynu do vybojového
prostoru 6 je dosazeno jeho virového pohybu a proudnice pracovniho plynu jsou tak kolmé na
mikrovyboje vznikajici od vysokonapétové elektrody 3 tvofené paralelné spojenymi tenkymi
pasky ve formé prstencti nebo tvoiené tenkym paskem ve forme valcové spiraly.

Nasledujicim vhodnym provedenim vynalezu je feSeni, kdy je pracovni plyn dodavan do komory
generatoru jednim tangencialnim vstupem 1 umisténym uprostfed komory generatoru, a na obou
koncich jsou axialni vystupy 2 ozonu, aktivnich kyslikovych i dusikovych ¢astic a dalSich produkti
vyboje, pricemz na uzemnénou valcovou elektrodu 5 je nasunuta trubka 4 z dielektrického
materialu, na jejimz povrchu je vytvotrena vysokonapétova elektroda 3 a tato sestava je koaxialné
vlozena do tfeti trubky z dielektrického materialu slouzici jako kryt 7 generatoru, ¢imz vznikne ve
valcovém mezikruzi ohrani¢eném vnitini sténou krytu 7 generatoru a vnéjsi st€énou trubky 4 z
dielektrického materiadlu vybojovy prostor 6 s tim, Ze tangencialnim vstupem 1 pracovniho plynu
do vybojového prostoru 6 je dosazeno jeho orientovaného pohybu vici hrané vysokonapétové
elektrody 3.

Dal$im vhodnym provedenim vynalezu je feSeni, kdy je pracovni plyn dodavan do komory
generatoru na jedné stran€ N tangencialnimi vstupy 1, které jsou umistény ve vnéjsi sténé krytu 7
generatoru a rozmistény po axialni ose generatoru a na opa¢né strané valcového generatoru je
axialni vystup 2 ozonu, aktivnich kyslikovych i dusikovych ¢éstic a dalSich produktd vyboje,
pfi¢emz na uzemnénou valcovou elektrodu 5 je nasunuta trubka 4 z dielektrického materialu, na
jejimz povrchu je vytvotena vysokonapétova elektroda 3 a tato sestava je koaxialné vloZena do
treti trubky z dielektrického materialu slouzici jako kryt 7 generatoru, ¢imz vznikne ve valcovém
mezikruzi ohrani¢eném vnitini sténou krytu 7 generatoru a vnéjsi st€énou trubky 4 z dielektrického
materialu vybojovy prostor 6 s tim, ze tangencialnimi vstupy 1 pracovniho plynu do vybojového
prostoru 6 je dosazeno jeho orientovaného pohybu vi¢i hrané vysokonapétové elektrody 3.

Podstatou dalsi varianty je feSeni pro dodavani pracovniho plynu do vybojového prostoru N
tangencialnimi vstupy 1, které jsou umistény ve vnéjsi stén¢ krytu 7 generatoru a rozmistény ve
sméru valcové spirdly po axialni ose valcového generatoru ozonu a aktivnich kyslikovych i
dusikovych castic generovanych dielektrickym bariérovym nebo koronovym vybojem. Opacna
strana je opatfena vystupem 2 ozonu, aktivnich kyslikovych i dusikovych ¢astic a dalSich produktt
vyboje, pricemz na uzemnénou valcovou elektrodu 5 je nasunuta trubka 4 z dielektrického
materialu, na jejimz povrchu je vytvotrena vysokonapétova elektroda 3 a tato sestava je koaxialné
vlozena do tfeti trubky z dielektrického materialu slouzici jako kryt 7 generatoru, ¢imz vznikne ve
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valcovém mezikruzi ohrani¢eném vnitini sténou krytu 7 generatoru a vnéjsi sténou trubky 4 z
dielektrického materialu vybojovy prostor 6 s tim, ze tangencialnimi vstupy 1 pracovniho plynu do
vybojového prostoru 6 je dosazeno jeho orientovaného pohybu vic¢i hrané vysokonapétové
elektrody 3.

Pro ovéfeni funkcnosti navrhovaného feSeni zvySeni koncentrace ozonu, aktivnich kyslikovych i
dusikovych castic a dalSich produkti vyboje bylo také sestrojeno experimentalni zatfizeni
sestavajici z uzemnéné valcové elektrody 5 vyrobené z mosazi o vnéj§im pruméru 17,6 mm, sile
stény 1 mm a celkové axialni délce 150 mm.

Na tuto elektrodu byla tésn¢ nasunuta sklenéna trubka 4 o vnéjsim pruméru 20 mm a sile stény
1,2mm a celkové axialni délce 150 mm. Na povrchu této sklenéné trubky byla vytvorena
vysokonapét'ova elektroda 3 ve formé vodive spojenych prstenct s Sifkou jednoho prstence 1 mm
a vzajemnou mezerou mezi prstenci o velikosti 3 mm. V druhém piipadé byla jako
vysokonapétova elektroda 3 vytvorena valcova spirdla o tloustce 1 mm a se stoupanim 3 mm.
Materialem vysokonapétové elektrody 3 byla v obou pfipadech médéna folie o tloust'ce 0,04 mm.
Koaxialné byla tato sestava ulozena do tfeti trubky vyrobené z polymethylmetakrylatu PMMA o
vnéj$im pruméru 30 mm a sile stény 2 mm. Mezi prostorem sklenéné trubky 4 s vysokonapét'ovou
elektrodou 3 a vnitini sténou tieti trubky z PMMA byl vytvofen vybojovy prostor 6 v podobé
valcového mezikruzi o stfednim priméru 22,5 mm. Pracovni plyn byl do vybojového prostoru
dodévan tangencidlné vstupem 1 a ozon, aktivni kyslikové i dusikové Castice a dalsi produkty
vyboje byly axialné¢ odvadény na opa¢ném konci valcového generatoru ozonu a dalSich
kyslikovych i dusikovych ¢astic vystupem 2.

V tomto uspotadani je mozné dosdhnout vlivem virového pohybu pracovniho plynu bez dalsich
energetickych narokd zvyseni koncentrace ozonu o 40 %, absolutné pak o vice nez 600 ppm.

Prumyslova vyuzitelnost

Vyse popsanym zptisobem generovani ozonu a dalSich kyslikovych i dusikovych ¢astic a zatizeni
vynalezu vyuzivajici k jejich produkci orientovany pohyb pracovniho plynu vzhledem k
vysokonapét'ové elektrodé za pomoci tangencialnich vstupti tohoto plynu do komory generatoru a
zafizeni ke generovani ozonu zalozené na tomto principu oproti generatoru s bézné pouzivanym
axialnim, lateralnim ¢i radialnim vstupem pracovniho plynu je mozné zvysit ucinnost, vytéznost
zminovanych produktd a nasledné snizit energetickou naro¢nost generatoru.

Uvedené vyhody umoziiuji konstrukci vykonnéjsich, mensich, mobilnich a kompaktnich zdroji
ozonu a dalSich aktivnich kyslikovych i dusikovych ¢astic pro celou fadu aplikaci, napiiklad pro
potravinaisky, chemicky, biochemicky primysl i pro zdravotnictvi. Tyto generatory dale naleznou
uplatnéni pro zvySovani kvality vzduchu, vody a pidy, v odpadovém hospodafstvi, v zatizenich
pro dekontaminaci a sterilizaci latek atd.
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PATENTOVE NAROKY

1. Zptsob generovani ozonu, aktivnich kyslikovych a dusikovych ¢astic elektrickym vybojem v
systému s valcovymi elektrodami, vyznacujici se tim, Ze do vybojového prostoru (6) tvaru
valcového mezikruzi ohrani¢eného vnitini sténou krytu (7) generatoru a do ni koaxialné umisténou
vnéj§i sténou trubky z dielektrického materidlu, opatfenou na povrchu vysokonapétovou
elektrodou (3) tvofenou paralelné spojenymi vodivymi pasky ve formé prstencti nebo vodivym
paskem ve formé valcové spiraly, pfiCemz vnitini sténa trubky (4) z dielektrického materialu
doléha na koaxialn¢€ vlozenou uzemnénou valcovou elektrodu (5), vstupem (1) vchazi tangencialné
vici hrané vysokonapétoveé elektrody (3) pracovni plyn, ktery se pfi teploté¢ od -40 do +50 °C
orientované pohybuje za pretlaku 100 az 300 kPa vybojovym prostorem (6) paralelné s hranou
vysokonapétové elektrody (3) smérem k vystupu (2), postupuje valcovym mezikruzim vybojového
prostoru (6), pficemz ptsobenim vyboje, vybraného ze skupiny povrchovy dielektricky bariérovy
vyboj, koronovy vyboj, vznika disocia¢nimi, excitatnimi a ioniza¢nimi reakcemi smés pracovniho
plynu, ozonu, aktivnich kyslikovych i dusikovych ¢astic a dalSich produkti vyboje, ktera na
protilehlé stran¢ vystupem (2) odchazi do sanovaného pracovniho prostoru nebo k dal§imu
zpracovani.

2. Zpulsob generovani ozonu, aktivnich kyslikovych a dusikovych ¢astic elektrickym vybojem v
systétmu s valcovymi elektrodami podle naroku 1, vyznacujici se tim, Ze vysokonapétova
elektroda (3) je pro dielektricky bariérovy vyboj napajena s frekvenci od 50 do 20 kHz.

3. Zafizeni pro provadéni zplsobu generovani ozonu, aktivnich kyslikovych i dusikovych ¢astic
elektrickym vybojem v systému s valcovymi elektrodami, podle naroki 1 a 2, vyznac€ujici se tim,
ze na uzemnénou valcovou elektrodu (5) je nasunuta trubka (4) z dielektrického materialu, na
jejimz povrchu je vytvorena vysokonapétova elektroda (3), cela tato sestava je koaxialné€ vloZena
do treti trubky z dielektrického materialu slouzici jako kryt (7) generatoru, ¢imz je vytvofen
vybojovy prostor (6) ve tvaru valcového mezikruzi ohrani¢eném vnitini sténou krytu (7) generatoru
a vngjsi sténou trubky (4) z dielektrického materialu, jedna strana zafizeni je opatiena
tangencialnim vstupem (1) pracovniho plynu orientovanym vuci hrané vysokonapétove elektrody
(3) a protilehla strana vystupem (2) smési pracovniho plynu, ozonu, aktivnich kyslikovych i
dusikovych ¢astic a dal$ich produktt vyboje.

4. Zafizeni pro generovani ozonu, aktivnich kyslikovych a dusikovych castic elektrickym
vybojem v systému s valcovymi elektrodami podle naroku 3, vyznac€ujici se tim, ze je opatfeno
jednim tangencialnim vstupem (1) pracovniho plynu, umisténym uprostted vybojového prostoru
(6) a na obou koncich axidlnimi vystupy (2).

5. Zafizeni pro generovani ozonu, aktivnich kyslikovych a dusikovych castic elektrickym
vybojem v systému s valcovymi elektrodami podle naroku 3, vyznacujici se tim, ze tangencialnich
vstupti (1) je NV a jsou umistény na jedné strané ve vnéjsi sténé krytu (7) generatoru a rozmistény
po axidlni ose vybojového prostoru (6).

6. Zafizeni pro generovani ozonu, aktivnich kyslikovych a dusikovych ¢&astic elektrickym
vybojem v systému s valcovymi elektrodami podle naroku 3, vyznacujici se tim, ze tangencialnich
vstupti (1) je N a jsou umistény ve vné&jsi sténé krytu (7) generatoru a rozmistény ve sméru valcové
spiraly po axialni ose vybojového prostoru (6).

7. Zatizeni pro generovani ozonu, aktivnich kyslikovych i dusikovych castic elektrickym
vybojem v systému s valcovymi elektrodami podle narokti 3 az 6, vyznacujici se tim, Ze vybojovy
prostor (6) je tvofeny valcovym mezikruzim o radidlni Sitce od 0,1 do 10 mm, s délkou elektrod
(3), (5) od 30 do 3000 mm a tloustkou stény trubky (4) z dielektrického materialu od 0,01 do 3 mm.

-7-
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8. Zatizeni pro generovani ozonu, aktivnich kyslikovych i dusikovych ¢astic elektrickym
vybojem v systému s valcovymi elektrodami podle narokti 3 az 7, vyznacujici se tim, Ze
vysokonapét'ova elektroda (3) je z elektricky vodivého materidlu o tloust’ce od 0,001 do 1,5 mm.

5 vykresi
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